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INTRODUCTION 

Planetary physics dea l s  with t h e  physical cha rac t e r i s t i c s  of t h e  planets  
and t h e i r  s a t e l l i t e s :  t h e  temperature o f t h e  planet surface and atmosphere; t h e  
composition, densi ty  and v e r t i c a l  s t ruc tu re  (%.e., t h e  a l t i t u d e  dependence of 
temperature, composition and density) of t h e  atmosphere, t h e  m t u r e  of t h e  cloud 
layer, c i r cu la t ion  of t h e  atmosphere, t h e  nature of t h e  observable surface fea
tures and surface layer,  and lastly,  t h e  i n t e r n a l  s t ructure .  Unti l  recently,  
planetary physics lagged g rea t ly  behind stellar astrophysics, but now this gap 
i s  rapidly shrinking. 

The use of modern research techniques has l e d  t o  a number of new observa
t i o n a l  findings. One of t h e  most s t r i k i n g  discoveries i s  t h e  high brightness 
temperature of Venus, as indicated by measurements of centimeter-wavelength 
radiation. This temperature w a s  found t o  be approximately 600'K. The question 
of t h e  nature of t h e  centimeter-wavelength radiat ion of Venus has become t h e  
subject of l i v e l y  discussion. The simplest explanation f o r  t h e  observed radio 
brightness of Venus i s  t h a t  t h e  source of t h i s  r ad ia t ion  must be a surface heated 
t o  a high temperature (650 - 700'K; t h e  t r u e  temperature should be somewhat 
above t h e  brightness temperature, s ince t h e  emission coeff ic ient  of r e a l  bodies 
always i s  l e s s  than uni ty) .  However, t h i s  explanation conf l i c t s  with a l l  pre
vious theo r i e s  on Venus, postulated by astronomers. Owing t o  t h e  high reflec
t i v i t y  of i t s  cloud layer ,  Venus receives l e s s  energy f r o m t h e  sun, even though
it i s  closer  t o  it. The dimensions and mass of Venus a r e  nearly the same as 
those of t h e  earth.  Apparently, it can be assumed t h a t  t h e  climate on t h e  sur
face of t h i s  planet,  concealed behind i t s  cloud cover, does not markedly d i f f e r  
f r o m t h e  earth 's  climate. Hence, t o  i n t e r p r e t  t h e  radio observations, it has 
been t en ta t ive ly  theorized t h a t  t h e  source of t h e  high radio emission i s  located 
i n  more or l e s s  high l aye r s  of t h e  atmosphere r a the r  t han  a t  t h e  surface i t s e l f ,  
so  t h a t  t h e  surface temperature might be a t  a conventional l eve l .  A s  w i l l  be 
shown i n  Chapter 111, an analysis  of t h e  t o t a l i t y  of known observational f a c t s  
leads t o  a r e j ec t ion  of these hypotheses: The surface of Venus must of neces
s i t y  be hot. 

Another i n t e r e s t i n g  new finding per ta ins  t o  Mars. A s  far  back as 1948, 
C 0 2  absorption bands were discovered i n  the  Martian spectrum. During t h e  favor-

/6 
ab le  opposition i n  1963, new observations carried out with methods of infrared 
spectroscopy resul ted i n  a marked increase i n  the  number of known COZ bands i n  
the  spectrum of Mars. Since the  r e l a t i v e  i n t e n s i t y  of strong and weak molecular 
absorption bands depends on t o t a l  pressure, it w a s  found possible t o  estimate 
t h e  Martian atmospheric pressure according t o  t h e  i n t e n s i t y  of C02 bands i n  t h e  
spectrum of Mars. The obtained value w a s  one order of magnitude lower than t h a t  
given by e a r l i e r  estimates based on other methods. It can now be s t a t ed  t h a t  
atmospheric pressure a t  t h e  surface of Mars i s  only 5 - X )  m Hg. 

Radio r ad ia t ion  from Jup i t e r  w a s  investigated over a broad range of wave-
~~ 

* Numbers i n  t h e  margin ind ica t e  pagination i n  t h e  foreign text. 
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lengths - from several  mill imeters t o  tens of meters; it was  found t h a t  radio 
waves i n  t h e  decimeter range are generated by a region whose dimensions g rea t ly  
exceed t h e  diameter of t h e  planet.  A study of t h e  polar izat ion spectrum and 
s p a t i a l  brightness d i s t r i b u t i o n  in t h i s  region l eads  t o  t h e  conclusion t h a t  
decimeter waves are emitted i n  t h e  neighborhood of Jup i t e r  by high-energy elec
t rons  located i n  intense r ad ia t ion  be l t s .  

Observations of planets  from shorter  distances,  with t h e  a i d  of spacecraft 
onboard instruments, have now become a reality. The first s t ep  i n  t h i s  di
rect ion w a s  t he  photographing of t h e  dark s i d e  of t h e  moon by t h e  Soviet inter
planetary space probe Luna-3. This w a s  followed by f l i g h t s  of American and 
Soviet space probes t o  Venus, Mars and, again, t o  t h e  moon. 

The space-probe experiments must be l a i d  out with spec ia l  care  since they 
require a great  deal  of e f f o r t  and funds. It i s  of prime importance t o  make a 
c l ea r  decision as t o  which space-probe experiments must be given p r io r i ty ,  what 
new ground observations could provide addi t ional  information, and what new con
clusions can be drawn by in t eg ra t ing  t h e  already accumulated data. It may be 
hoped tha t ,  as a r e s u l t  of t h e i r  close flyby of planets  and subsequent eventual 
penetration i n t o  planetary atmospheres and s o f t  landings, space probes w i l l  
rapidly enlarge the avai lable  information on t h e  physical cha rac t e r i s t i c s  of 
planets. It must be borne i n  mind, however, t h a t  t h e  accomplishment of such a 
complex operation as t h e  landing of a space probe on another planet requires  
ce r t a in  information on t h e  propert ies  of i t s  atmosphere and surface. 

In  t h i s  book, we  are making an attempt t o  i n t e g r a t e  t h e  da t a  on t h e  physi
c a l  conditions of planets,  ava i l ab le  as of t h e  beginning of 1966. There ex i s t  
several  good books i n  Russian on the  problems of planetary physics but a l l  a r e  
now more or l e s s  obsolete. The most up-to-date i n  t h i s  respect i s  t h e  book by 
Kellogg and Sagan "The Atmospheres of &rs and Venus1' (Ref.1) and the  s e r i e s  of 
volumes "Planets and S a t e l l i t e s  !I, edited by Kuiper and fiddlehurst  (Ref .  2), but 
even these now stand i n  need of considerable revision. Among t h e  older guides 
of value a r e  '!The Nature of PlanetsTrby V.V.Sharonov (Ref.31, t h e  s e r i e s  of vol
umes T h e  Atmospheres of t he  Earth and Planets" edited by Kuiper (Ref.,!+), 
"Physics of t he  Planet &rs" by de Vaucouleurs (Ref.T), and "Survey of Physical 
Conditions on the  Moon and Planets If by N.P.Barabashev ( R e f  .6). Problems of 
planetary radio emission a r e  discussed a t  t h e  modern l e v e l  i n  t h e  book by V.V. 
Zheleznyakov (Ref. 7) but without adequately r e l a t i n g  them t o  o p t i c a l  observations. 
We w i l l  discuss  these questions i n  some d e t a i l  whenever such relat ionship i s  es
s e n t i a l  or new important da t a  a r e  available.  The book by t h e  l a t e  V.V.Sharonov, 
with whose death planetary astronomy has l o s t  a most s k i l l e d  expert, elegantly 
expounded t h e  problems of research on t h e  geometric cha rac t e r i s t i c s  of planets, 
cartography of surface features ,  and photometry of planetary disks.  A s  these 
questions arise, t he  reader w i l l  be referred t o  Sharonovts book. The determina
t i o n  of planetary masses w a s  discussed by Dirk Brouwer and G.M.Clemence (Ref.2) 
who a l s o  gave a good survey over t he  i n t e r n a l  s t ruc tu re  of planets  (Wildt, 
Chapt.V). A s  important rFferences of a general nature, mention should be made 
of t he  mater ia l  of t h e  Liege Symposia on Astrophysics Cl962 and 1963 (Ref.@)]. 
In  t h i s  book, we w i l l  r e s t r i c t  our discussion t o  t h e  problems f o r  which recent 
advances have been greatest ,  namely t h e  physical cha rac t e r i s t i c s  of t h e  atmo
spheres and surfaces of t he  planets. In many cases t h e  findings cannot be con
sidered conclusive; within t h e  space of a few years t h e  p i c tu re  may change con-
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siderably, but t h i s  i s  inevi table  i n  any new successfully developing domain of 
research. 

Chapter I contains a descr ipt ion of astrophysical methods of planetary 
study. The competent reader can jump t h i s  Chapter without detriment t o  t h e  
understanding. Although the  nunher of invest igators  i n  t h e  f i e l d  of planetary 
astrophysics i s  much s m l l e r  than i n  t h e  f i e l d  of s t e l l a r  astrophysics, techni
c a l  arsenal  of t he  former i s  much greater  and not even an astronomer - i f  he 
special izes  i n  another d i s c i p l i n e  - w i l l  f ind it easy t o  assess t h e  relative 
r o l e s  and real  p o s s i b i l i t i e s  of t h e  current ly  ex i s t ing  methods. O f  spec ia l  sig
nificance t o  planetary astronomy i s  geophysics. The ear th  i s  a planet investi
gated i n  much g rea t e r  d e t a i l  than any other planet and, i n  planetary astro
physics, plays t h e  same r o l e  as t h e  sun does i n  stellar astrophysics. The basic  
aspects of t h e  s t ruc tu re  of t h e  planetary atmospheres and i n t e r i o r s  have now 
been understood f u l l y  thanks t o  geophysical research. The recent advances i n  
knowledge of t h e  upper atmosphere and magnetosphere of t h e  ear th  make it pos
s ib l e ,  f o r  example, t o  construct t h e o r e t i c a l  models of t he  upper atmosphere of /8
the  other planets. A comparison of these models with future  observations by 
means of spacecraft  w i l l ,  i n  turn,  permit refinement of t h e  s t a r t i n g  premises. 
For lack of space, we  decided against  including the  earth-moon system i n  t h i s  
book, but i n  our examination of t h e  physical cha rac t e r i s t i c s  of t he  other planets 
we w i l l  occasionally r e f e r  t o  geophysical data. A s  f o r  the moon, a detai led ex
posi t ion of a l l  t he  problems involved would require doubling the  volume of t h i s  
book. Methodologically, exclusion of t h e  moon can be j u s t i f i e d  i n  view of t h e  
f a c t  t h a t  95% of t h e  mater ia l  discussed here per ta ins  t o  t h e  planetary atmo
spheres, and analogies t o  t h e  moon would i n  no way fu r the r  t he  understanding of 
these questions. 
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CHAPTER I Le 
METHODS OF PLANETARY ASTROPHYSICS 

Section 1.1 Molecular Spectra 

The observational bas i s  of both planetary and stellar astrophysics i s  spec
troscopy, but i n  t h e  case of planets  a spec ia l  r o l e  i s  assigned t o  spectroscopy 
i n  t h e  infrared radio range as w e l l  as i n  t h e  u l t r a v i o l e t  region of t h e  spectrum, 
The point i s  t h a t  planetary atmospheres consis t  of molecules as far up as the  
upper l aye r s  of t h e  atmosphere, whereas molecular spectra are t h e  poorest pre
c i se ly  i n  t h e  v i s i b l e  region. The energy of a molecule consis ts  of t h r e e  com
ponents : 

E = E ,  tE, 4- E,, 

where E, i s  t h e  energy associa-Led with t h e  motion of e lectrons i n  t h e  fo rce  
f i e l d  of nuclei;  Ev i s  t h e  v ib ra t iona l  energy of nuclei  with respect t o  t h e  equi
l ibrium posi t ion;  & i s  t h e  ro t a t iona l  energy of t he  molecule. Normally, E, 9 
9 E , $  E,. 

These th ree  variables a r e  quantized and vary i n  t h e  form of d i s c r e t e  t r ans i 
t i o n s  from one energy level t o  another. Rotational t r a n s i t i o n s  produce a se
quence of ro t a t iona l  l i n e s  located within t h e  range of:' 

1G<<500 cm-' (1 c m B h 2 2 0  p )  , 

while v ib ra t iona l  t r a n s i t i o n s  produce a sequence of bands located within t h e  
range of 

5 0 0 f ~ ~ 1 0 0 0 0 ~ m - ~( 2 0 2 1 2 1  p ), 

with each band consisting of separate r o t a t i o n a l  l i n e s  of frequencies V v  + V , .  
For t h i s  reason, these bands a r e  known as vibrat ional-rotat ional  bands. Elec
t ron ic  t r a n s i t i o n s  are chief ly  located i n  t h e  region 

Y,230 000 cm-1 (h  <3000 A). 

I n  t h e  v i s i b l e  region of t h e  spectrum (h  0.4 - 0.65 CL or 25,000 - l5,OOO cm-') 
e lectronic  t r a n s i t i o n s  are r a r e l y  encountered and usual ly  produce l i n e s  of con
parat ively low in t ens i ty ;  vibrat ional-rotat ional  t r a n s i t i o n s  a r e  even more rare
l y  encountered there. /10 

A de t a i l ed  analysis  of molecular spectra has been the  subject of special  

- 
>L 
" We will denote wave numbers by t h e  sumbol t o  dis t inguish them from t h e  fre
quency V .  
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monographs [cf. f o r  example Herzberg (Ref.9, lo)]. W e  will consider only t h e  
p r inc ipa l  features  of t hese  spectra, which must be known i n  order t o  comprehend 

our fu r the r  exposition. W e  s h a l l  begin with t h e  
simplest molecules, t h e  diatomic molecules. A mole

l + - - - G y r B 4  cule of this kind consis ts  of two nuclei  surrounded
= A r emi? by a cloud of electrons.  I ts  r o t a t i o n  may bes t  be 

s described by t h e  model of a Ifrigid r o t o r ”  ( lUdumbbell 
modelf!): t h e  masses of t h e  nuclei  are assumed t o  be 

Fig.1 Rigid Rotor. 	 point masses and the  dis tance between the  nuclei  i s  
assumed t o  be invariant  (Fig.1). The r o t a t i o n a l  
motion of t h e  r i g i d  ro to r  has one degree of freedom: 

It can r o t a t e  about an a x i s  perpendicular t o  t h e  l i n e  interconnecting t h e  nuclei .  
The energy of t h i s  ro t a t ion  i s  

IO2E ,  = -2 ’  

where w = 2 n v  i s  t h e  gyrofrequency, I i s  t h e  moment of i n e r t i a ,  

The quant i ty  mo i n  eq.(1.2) i s  termed the  reduced mass of t h e  molecule. 
The r o t a t i o n a l  energy i s  quantized and may assume only d i s c r e t e  values 

E,  = K ( K  $-1) B,  (1.3) 

where K i s  the  r o t a t i o n a l  quantum number, K = 0, 1, 2, ...;B i s  the ro t a t iona l  
constant which i s  inversely proportional t o  t h e  moment of i n e r t i a  

where h i s  Planck’s constant. Equations (l-l), (1.3), and (1.4) h p l y  t h a t ,  f o r  
a given K, t h e  ro t a t iona l  speed i s  greater  t h e  smaller t h e  moment of i n e r t i a .  

The r o t a t i o n a l  energy l e v e l s  of t h e  r i g i d  r o t o r  a r e  given schematically i n  
Fig.2. A s  K increases,  t h e  dis tance between the  l e v e l s  a l s o  increases.  The 
t r ans i t i ons  between t h e  various energy l e v e l s  a r e  l imited by t h e  exclusion prin
c i p l e  

b K  =fl. (1.5) 

The energy of a quantum emitted or absorbed during these  t r a n s i t i o n s  will be ,& 
hv = K (I< + I)B -( K  -1)K B  = 2KB. (1.6) 

Hence the  purely r o t a t i o n a l  (i.e., not accompanied by v ib ra t iona l  t r a n s i t i o n s )  

5 
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spectrum of t h e  r i g i d  r o t o r  represents a series of equidis tant  l i nes .  

Under t h e  ac t ion  of centr i fugal  force, however, t h e  internuclear  dis tance 
va r i e s  with a va r i a t ion  i n  K, and as a result t h e  rota-

K 	 t i o n a l  spectrum of real  molecules does not obey t h i s  prin
ciple.  The energy levels of a r e a l  molecule deviate  from 
t h e  r i g i d  r o t o r  energy levels t o  an extent t h a t  increases  
with an increase i n  K and hence a l s o  i n  centr i fugal  force. 
A molecular model i n  which allowance i s  made f o r  t h e  
change i n  internuclear  dis tance owing t o  centr i fugal  
force i s  termed a nonrigid rotor .  For t h e  nonrigid rotor ,  
we have 

4 4 

where D B i s  t h e  second r o t a t i o n a l  constant. The rota-.=; 
u 
n t i o n a l  mectrum of a diatomic molecule ( G O )  i s  exempli-

I I I I I I I L  f i e d  i n  Fig.3. Table 1presents t h e  r o t a t i o n a l  constants 
U V of c e r t a i n  diatomic molecules. 

Fig.2 Energy Polyatomic molecules, whose nuclei  l i e  a lon a 
Levels and Infra- s t r a i g h t  l i n e ,  a r e  termed l i n e a r  (e.g., COz, NzO7. They 
red Transitions of form a r o t a t i o n a l  spectrum of t h e  same type as  diatomic 

Rigid Rotor. molecules. Nonlinear molecules have two r o t a t i o n a l  de- /12 
a - Diagram of grees of freedom and t h e i r  r o t a t i o n a l  spectrum i s  much 
l e v e l s ;  b - Spec- more complex. For example, t h e  ro t a t iona l  spectrum of 
t r u m  of r i g i d  water vapor has such an i n t r i c a t e  s t ruc tu re  tha t ,  a t  

r o t  or. 	 first glance, it does not seem possible t o  describe it by 
l a w s  other than s t a t i s t i c a l  (Fig.4); i n  addition, it ren
de r s  t h e  ear th 's  atmosphere nontransparent i n  t h e  region 

from 15 p t o  2 mm. A s  a r e su l t ,  it i s  not possible t o  make earth-based astro
nomical observations over a l a rge  port ion of t h e  in f r a red  spectrum and within 
t h e  submillimeter range. 

Fig.3 Rotational Spectrum of CO (Ref .11) .  

I f  t h e  nuclei  A and B (see Fig.1) are displaced from t h e  equilibrium posi
t i on ,  t he  force tending t o  r e tu rn  them t o  t h e i r  o r i g i n a l  posi t ion w i l l  be pro
p o r t i o n a l t o  t h e  displacement x = r - ro :  

F = -L Z .  
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'' The r o t a t i o n a l  constant i n  t h e  vibrat ional  s ta te  v i s  

where v i s  the  v ib ra t iona l  quantum number. In t h e  ground s t a t e ,  
we have 

s o  long as x @ r o  (with b being t h e  force constant). The po ten t i a l  energy of 
t h e  system 

reaches i t s  minimum when x = 0 .  Generally, t h e  function E ( r )  i s  more complex 
(Fig.5). For high values of r the bonds between t h e  consti tuent atoms of t h e  
molecule a r e  ruptured and t h e  p o t e n t i a l  energy E asymptotically tends t o  zero. 
For very l o w  r, t h e  po ten t i a l  energy s h i f t s  t o  t h e  region of pos i t i ve  values and 
tends t o  i n f i n i t y  as r -, 0. When r = r o ,  t h e  po ten t i a l  ener i s  a t  i t s  mini
mum and when x < r o  t h e  value E( r )  w i l l  be parabolic [eq.(1.98. The model of & 
t h e  vibrat ing molecule s a t i s f y i n g  Hook's l a w  [eq.(l.8)] i s  termed a harmonic os
c i l l a t o r .  In t h e  presence of marked deviations f r o m t h e  equilibrium posi t ion an 
allowance must be made f o r  deviations from Hook's law,  i n  which case the  model 
of an anharmonic o s c i l l a t o r ,  corresponding t o  t h e  real  po ten t i a l  curve, i s  em
ployed. 

The v ib ra t iona l  energy levels are quantized and, f o r  t h e  harmonic osci l la
t o r ,  a r e  equal t o  

E ,  = hvo ( u  + 2-) , (1.10)1 

7 
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Top: absorption coefficient y of the rotational bandoof 
atmospheric water vapors, at l o w  resolution (T = 253 K, 
P = 760 m Hg, absolute moisture content u = 7.5 gm ~m-~). 
The peaks in the region of- 2000 are due to the absorp
tion zf 02. Bottom: the same, at high resolution (T = 
= ZU, K, P = 42 mm Hg, u = 7.5 gm ~ m - ~ )(Ref.12). 
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where Vo i s  the fundamental frequency while v = 0, 1, 2, ... i s  the  spin quantum 
number. 

Fig.5 Potent ia l  Curve of Ground Sta te  of an Hz Molecule 
with Vibrational Levels and Continuous Term Spectrum 

(Ref -9 )  
The so l id  curve w a s  plot ted according t o  Rydberg and the  
broken theo re t i ca l  po ten t ia l  curve, according t o  Morse. 
U p w a r d  of v = 14 l i e s  the  (described) continuous term 
spectrum (continuum) corresponding t o  t h e  dissociat ion 

region. 

The fundamental o sc i l l a t ion  frequency of a harmonic osc i l l a to r  i s  

The energy l eve l s  of t h e  harmonic o s c i l l a t o r  a r e  equidistant,  and only the  tran
s i t i o n s  Dv= & l a r e  allowed. A s  a resu l t ,  t h e  spectrum of the  harmonic osci l 
l a t o r  consis ts  of a s ingle  l i n e  w i t h  t h e  frequency V O .  The anharmonic osci l 
l a t o r  shows emission and absorption not only a t  t he  fundamental frequency but al
so a t  t he  overtones; i n  other words, fo r  t he  anharmonic o s c i l l a t o r  t he  addi t ional  
t r ans i t i ons  Av = f2, *3, etc.  a r e  allowed. T h i s  i s  indeed observed i n  r e a l  mo
l ecu la r  spectra. Since t h e  vibrat ing molecule ro t a t e s  a t  the  same t h e ,  %bra
t i o n a l  l i n e s "  a r e  not observed i n  pure form; instead, i n  the  neighborhood of the  
osc i l l a t ion  frequencies, vibrat ional-rotat ional  bands a r e  formed which consist  
of d i sc re t e  l i n e s  corresponding t o  various ro ta t iona l  t r ans i t i ons  i n  the  presence 
of a s ingle  v ibra t iona l  t rans i t ion .  

The measured overtone frequencies markedly d i f f e r  from harmonic frequencies. 
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Anharmonicity i s  taken i n t o  account i n  the  formula of v ib ra t iona l  energy by t h e  
aux i l i a ry  terms 

where x, y a r e  small coefficients.  The energy l e v e l s  
l a t o r  ( i n  contrast  t o  t h e  harmonic o s c i l l a t o r )  approach c lose ly  as v increases. 
The po ten t i a l  curve i s  asymptotic and t h e  energy values l y i n g  above t h e  asymptote 
are no longer quantized. A t  such energies, t he  molecules dissociate .  

Allowed v ib ra t iona l  t r ans i t i ons  with emission and absorption occur only when 
t h e  dipole moment changes owing t o  a va r i a t ion  i n  r. If t h e  molecule consis ts  
of two i d e n t i c a l  nuclei ,  t h e  dipole moment Will be zero s ince the  center of t h e  
electron cloud w i l l  coincide with t h e  center of t h e  pos i t i ve  charge. In t h i s  
case, on a change i n  r t h e  dipole moment w i l l  remain zero. Hence the  molecules 
consisting of two i d e n t i c a l  atoms (Ha, 02, N2) wi l l  have no v ib ra t iona l  spectrum. 
Rotational spectra a l s o  a r e  excluded i n  molecules of t h i s  kind. Here two quali
f i ca t ions  must be made. F i r s t ,  molecules consisting of i d e n t i c a l  atoms may have 
a nonzero quadrupole moment and thus may display v ib ra t iona l  and ro t a t iona l  tran
s i t i o n s  i n  the  form of r e l a t i v e l y  f a i n t  forbidden l i nes .  I n  t h e  spectrum of 
Jup i t e r  and Saturn, l i n e s  of quadrupole v ib ra t iona lbands  of Hz absorption have 
been observed, pointing t o  an extremely high content of molecular hydrogen i n  
t h e  atmospheres of these planets. Second, a dipole  moment may be induced i n  /16
such molecules by an external  e l e c t r i c  f i e l d  or through co l l i s ions .  In t h i s  
case, t h e  absorption i s  termed induced. The dipole moment a r i s i n g  i n  co l l i s ions  
i s  due t o  t h e  deformation of t he  e l e c t r i c  charge d i s t r i b u t i o n  i n  t h e  molecule. 
Induced infrared absorption by H2, N 2  and 02 molecules i n  t h e  region of t h e i r  
forbidden v ib ra t iona l  t r a n s i t i o n s  becomes d i s t i n c t  i n  t h e  presence of pressures 
of several  tens  of atmospheres [cf.  f o r  example (Ref.l3)1. The i n t e n s i t y  of t h e  
induced absorption bands increases roughly i n  proportion t o  t h e  square of pres
sure. Induced absorption bands of H2 have been discovered i n  t h e  spectrum of 
Uranus and Neptune?'. 

Polyatomic molecules have several  fundamental o s c i l l a t i o n  frequencies V 1, 

v2,  etc.  I n  t h i s  case, i n  addi t ion t o  overtones a l s o  combined (compound) f r e 
quencies 

Y = nvl + m y 2  -+ . . . , 
(1.12) 

where n, m, ... a r e  integers ,  are observed as a consequence of t h e  anharmonicity. 
Bands of t h i s  kind occur as a r e s u l t  of absorption by molecules ex i s t ing  i n  t h e  

$t It should be noted here t h a t  vibrat ion and ro t a t ion  of symmetric molecules en
t a i l  a change i n  t h e i r  polar izabi l i ty .  Hence t h e i r  v ib ra t ion  and ro t a t ion  fre
quencies may be observed i n  combination scat ter ing.  During i l lumination with a 
continuous spectrum t h e  multiple s ca t t e r ing  e f f e c t  i s  in s ign i f i can t .  In t h e  
case of planetary atmospheres t h i s  e f f ec t  may be a f a c t o r  only i n  t h e  far ultra
v i o l e t  where the continuous spectrum of t h e  sun i s  weak compared with i t s  mono
chromatic radiation. 
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J - c * - c  

-
Resonance  i n t e r a c t i o n  be tween  '3, and 2 ~ 2  

l e a d s  t o  two d i s c r e t e  l e u e l s  
0.7, = i n t e g e r

R u l e s  of  s e l e c t i o n  iA.3  +-J%= euen 

4- branch o n l y  when A:2=euen 

Fig.6 Vibration Modes of a Co2 Molecule. 

ground s t a t e .  If a molecule ex i s t ing  i n  an excited s t a t e  i s  absorbed, t he re  (17 
occurs a difference band (or %hot1' band) fo r  example, v3 - v 2 .  A s  a t y p i c a l  ex
ample, l e t  us consider t he  Cos molecule. GO2 bands a r e  d i s t i n c t  i n  t h e  spectrum 
of Ears and pa r t i cu la r ly  of Venus (cf. Chapts.11 and 111). Figure 6 schemati
ca l ly  depicts  t h ree  types of vibrat ions of t h i s  molecule: symmetric v (s )  de

formation 6 (a) and antisymmetric v (a j* These 
correspond t o  t h e  wave numbers 

08 1 I I-. 

V, 1336 cm-1 (7.46 p), 
G26137.5 cm-1 (15.0 y ),
-

1 1 3  2350 cm-l (4.32 ,u ). 


A l l  these frequencies pe r t a in  t o  a 
spec t r a l  region inaccessible  t o  observations 
from t h e  earth 's  surface. On the  other hand, 

h 

$ 2 2 ~  m , ~  4 5 ~ ~~OUU suu qcm-t v1 + 2 v 2 +  v3 /1977cm-' (3.0.1 p ), 

Fig.7 Fundamental Band of 
4y,  $- G 3  4S53 cm-I (3.05,U ), 


Pres sure-Induced % Absorption 

a t  &s Densities of 340, 406, are c l e a r l y  observable. 

556 and 663 amagats (1 amaggt
- densi ty  of a t  T = 293 K The same bands can be denoted by t h e  
and P = 1 numbers of terminal and i n i t i a l  levels :  
Thickness of abgorbing l a y e r  121-000 and O4.l-OOO. The vibrat ional  s t a t e  
1.3 cm, T = 298 K (Ref.13). of t h e  t r ia tomic molecule from t h e  stand-

Ordinate: Absorbance. 	 point of energy i s  determined by th ree  se
quences of terms ( levels)  each of which cor
responds t o  one of t h e  v ib ra t ion  frequencies. 

I n  t h e  ground state, t h e  molecule occupies t h e  lowest l e v e l s  i n  a l l  t h ree  se
quences: 000. The first fundamental frequency corresponds t o  t h e  t r a n s i t i o n  
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80 
-60 


40 - co 
-2' 

I 1 1 1 . 1 

'2% 6 3 8 9 7; 77 72 73 7 4 4 , ~  

Fig.8 Laboratory Absorption Spectra of COY COS, NH3, CH4 
i n  the  Range of Ah 2 - 15 P. 

Cuvette length, 10 cm. Pressures: CO '7l4 mm; 0 2 ,  702 (A) 
and 70 (B) mm; NH3, 700 (A) and 45 (B) mm; CH4, 702 m. 

Ordinate: transmission i n  percent. 

100 - 000; t h e  second, t o  010 - 000, and so  on; t h e  combination frequency V I  + 
+2v, + v 3  corresponds t o  the  t r a n s i t i o n  121 - 000. For t r ans i t i ons  from the  
ground s ta te ,  i t s  notation i s  of ten dropped and the  bands mentioned above a r e  
simply denoted as 121 and Okl. Tables 2 - 6 present t he  v ibra t iona l  t r ans i t i on  
frequencies of molecules of CO2, Go, NH3, CH4, Hz,  while Figs.7 - 10 show speci
mens of infrared spectra. 
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Fig.9 Laboratory Spectrum of Go2 Absorption
in the Range of h 1.2 - 1.6 p. 

a - Path length 80 m, pressure 5 atm (Ref.15);
b - Path length 360 m, pressure 30 mm Hg (Ref.16). 

The total number of oscillatory degrees of freedom is 3N - 5 in a linear /23
molecule and 3N - 6 in a nonlinear molecule, where N is the number of nuclei; 
owing to molecular symmetry, however, certain oscillation frequencies may coin
cide. 

T h i s  may be exemplified by the deformation vibrations of COZ or any tri
atomic molecule: Deformation vibrations in two mutually perpendicular planes 
have one and the same frequency. However, their phases m y  not coincide; in this 



Fig.10 Atmospheric C02 Bands i n  Solar Spectrum with 
High Resolution (Ref.17) 

case motion proceeds along an e l l i p se ,  giving r i s e  t o  t h e  v ib ra t iona l  angular 
momentum. This i s  a quantized variable.  The quantum number 1 of t h e  vibra
t i o n a l  angular momentum influences the  t o t a l  energy of t h e  vibrat ional  l e v e l  
which thus, i n  t h e  case of a t r ia tomic l i n e a r  molecule, i s  determined by four 
quantum numbers: v1, v2, v3, 1 In t h e  notation of levels ,  t h e  quantum number 1 
i s  denoted by t h e  superscript  f o r  V 2  : o r  02' 0 (cf. Table 2) .  A t  some fre
quencies, vibrat ional  motions occur without a change i n  t h e  dipole moment and 
without leading t o  allowed v ib ra t iona l  t r ans i t i ons .  Vibrations of t h i s  kind a r e  
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TABLE 2 


IhJFRAFZD VIBRATIONAGROTATIONAL BANDS 

OF COz (REF.10) 
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TABLE 4 


INF- VTB-RATIONAL-ROTATIONAL BANDS 

OF CH4 (REF.10) 


i j  12755 

,I 13700
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I 

TABLF, 5 

INFRARBI ROTATION-VIBRATION 
NH3 (REF.10) 
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S o t a t i o n  I Intensity 

BANDS OF 

} v 2 f 2 v a  

} v1 f vs 

) v 2 t v 3  

I hledium
I' Strong  
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i
1 
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termed op t i ca l ly  inact ive.  T h i s  may be exemplified by t h e  frequency VI of t h e  
COz molecule: A t  symmetric vibration, t h e  center of  pos i t i ve  charges i s  not 
displaced and t h e  dipole  moment remains unchanged. Absorption a t  opt icaUy in
ac t ive  frequencies may be  observed a t  high pressures owing t o  t h e  occurrence of 

a n  induced dipole moment. 

R-

I 
branch P-branch 

6 Until  now, vibrat ional  and ro t a t iona l  mo-
t i o n s  of t h e  molecule have been discussed sepa

5 	 ra te ly.  A s  pointed out above, however, a Vi
bra t ing  molecule s iml t aneous ly  rotates .  The 
energy of v ib ra t iona l  motion combines with t h e  
t o t a l  of ro t a t iona l  energies 

E = E ,  +E,. 

A s  a result, t h e  v ib ra t iona l  l e v e l  s p l i t s  i n t o  
a l a rge  number of r o t a t i o n a l  sublevels (F ige l l ) .  
The t r ans i t i ons  between the  individual  sub-
l e v e l s  v1 and v2 form ro ta t iona l  l i n e s  which, 
i n  t h e i r  ent i re ty ,  become grouped i n t o  t h e  vi
brational-rotational band. Because of t h e  a s p  
metric slope of t h e  po ten t i a l  curve (see Fig.5) 

Fig.11 R- and P-Branches of t he  moment of i n e r t i a  i n  t h e  s t a t e  v1 i s  /25
Vibrational-Rotational Tran- greater  than i n  the  s t a t e  v2, and 

s i t i ons .  
B' <B". 

Of t h e  possible t r a n s i t i o n s  between the d i f f e ren t  r o t a t i o n a l  sublevels v1 and v2 
of t h e  diatomic molecule only those r e su l t i ng  in t h e  change 

A K  = i.1, 

a r e  allowed. The wave number of each l i n e  i s  
- ,.., 

v = y,. 2- y,. = V, + B'X'(I<' i-1)-B'']<''(I<"+ I). (1.13) 

The t r a n s i t i o n s  AK = K' = K N  = +l are located i n  t h e  region G > The se
quence of l i n e s  formed by these t r a n s i t i o n s  i s  termed t h e  R-branch: - -. 

v = vu + (B' +- I?") (I<+ 1) + (B' -I3") (IC + 1)2; (1.14) 

where K = K". The t r a n s i t i o n s  AK = K' - K" = -1 form t h e  P-branch: 
a 

v = vu - (B' $- B")(IC + 1) + (I?' -B") (I< + 1)2. (1.15) 

Since t h e  difference B' - B" i s  negative, t h e  dis tance between t h e  l i n e s  of t h e  
R-branch decreases with increasing K while t h e  dis tance between t h e  l i n e s  of t h e  
P-branch increases. The l ines  of t h e  R-branch crowd together and come t o  a 
sharply defined edge, known as the  band head (Fig.12). A similar s t ruc tu re  i s  
displayed by t h e  bands of not o d y  diatomic but a l s o  of c o w l e x  linear symmetric 
molecules. 



TABLE 6 

QUADRUFZE ROTATION-VIBRATION SPECTRUM OF HZ [THEORETICAL
WAVE T\TuMBERS (W.46)I1+ 

K 

-

0 
1 
2 
3 
4 
5 

3--0 

~.-

S-Branch &BranchI ___-
v.cm- '  1, X -~ , e m - '  ?., X 

~ 

12OS0 8276.2 . . .  . .. 

12753 7S39.2 

... ... 6'1332 . . .  . . .  ... . . .  G," .8 15'32 F5G7.7 . . .
11423 875i:2 6314.8 1,'11iG 6577.5 I4YU 
11173 8917.9 6272.0 1510s G(i17.3 14G:5 
1091I 9 1G2.7 G34 1 ,3 1;io17 6GL7.2 143G3 
10G39 939G.8 G 2 2  5 14903 6707.3 14Oi3 

-

- _'' For laboratory observations of quadrupole lines of Hz see elsewhere ( R e f . 4 7 ) .  



If the  nuclei  i n  a l i n e a r  symmetric molecule are transposed, t h e  t o t a l  
eigenfunction e i t h e r  remains unchanged (symmetric s t a t e )  o r  changes i n  po la r i ty  
(antisymmetric). For even K, t h e  eigenfunction i s  symmetric and f o r  odd K, it 
i s  antisymmetric. Transit ions between symmetric and antisymmetric states a r e  
forbidden. Hence, i n  molecules such as C 0 2  ro t a t iona l  t r ans i t i ons  take place 
across levels ,  and every second l i n e  i s  absent. 

Not a l l  ro t a t iona l  l e v e l s  a r e  i d e n t i c a l l y  populated. Rotation i s  excited 
by co l l i s ions  during thermal agi ta t ion.  For t h e  case i n  which the  t r a n s i t i o n  
frequency on c o l l i s i o n  (without emission) exceeds the  frequency of spontaneous 
t r ans i t i ons ,  t he  population of t h e  ro t a t iona l  l e v e l s  i s  determined by t h e  Boltz
mann formula 

(1.16) 


where g i s  the  s t a t i s t i c a l  weight; k i s  t h e  Boltzmann constant; T i s  t h e  tem- /26
perature. I n  most p r a c t i c a l  cases, t he  r i g i d  ro to r  model can be used so tha t ,  

. - . . -

\-I< - ___ 1 
7 

R P 

Fig.12 COZ Bands i n  t h e  Photographic Infrared Region. 

f o r  diatomic and l i n e a r  polyatomic molecules, we have 

where B i s  given i n  cm-' and c i s  t h e  veloci ty  of l i g h t .  An example of equi
l ibr ium d i s t r i b u t i o n  of t h e  populations of ro t a t iona l  states i s  given i n  Fig.13. 
The posi t ion of t h e  maximum depends on the  temperature. The i n t e n s i t y  of unab
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where AK i s  t h e  Einstein coeff ic ient  ( t r a n s i t i o n  probabi l i ty)  ; NK i s  t h e  popula
t i o n  of t h e  l eve l .  Within the  confines of a given v ib ra t iona l  t r a n s i t i o n  AK 
v a r i e s  l i t t l e ,  l i k e  hv. Hence, t h e  r e l a t i v e  intensity of t h e  v ib ra t iona l  l i n e s  

I I 

F'ig.13 Equilibrium Distribu
t i o n  of H C 1  Molecule over i h e  
Rotational Levels-$T = 300 K, 

B = lo.& cm ). 
The curve i l l u s t r a t e s  t h e  de
pendence of t h e  function 

+ i)c-BK(Z< +' ) l~c /kT  

on K. The broken-line ordi
na t e s  give t h e  r e l a t i v e  frequen
cy of occurrence of t h e  corre
sponding ro t a t iona l  s t a t e s  

(Ref .9). 

E 

within t h e  confines of t h e  ro t a t iona l  o r  
vibrat ional-rotat ional  band will  be 

I I c  (/3 A'K. (1.18) 

Knowing t h e  d i s t r i b u t i o n  of  IKfrom /27
observations, it i s  possible t o  calculate  
t he  temperature from eq.(1.17). The tem
perature determined i n  t h i s  manner i s  known 
as r o t a t i o n a l  temperature. For a rough es
timate of t h e  r o t a t i o n a l  temperature i t  i s  
s u f f i c i e n t  t o  make an eyeball  guess a t  t h e  
number of t h e  r o t a t i o n a l  l ines of 'greatest  
i n t ens i ty .  If t h e  corresponding quantum 
number i s  denoted by K,, then 

Figure 12  presents  laboratory spectrograms 
of GOz bands i n  t h e  photographic in f r a red  
region. A s  t y p i c a l  example, l e t  u s  consider 
t h e  band h 10488 8. The i n t e n s i t y  "m 
corresponds t o  t h e  eighth l i n e  (reckoning 
from t h e  minimum between the  R- and P
branches), f o r  which K = 16 (odd K are for
bidden i n  t h e  case of  t he  C 0 2  molecule; see 
above). For C 0 2 ,  i n  accordance with Herz
berg (Ref.lO),  

= 0.394 CN', 

whence, i n  accordance with eq. (1.19) 

If the  r o t a t i o n a l  s t ruc tu re  i s  not resolved, while t he  branches R and P /28 
a r e  resolved (as i n  Fig.9), then the  r o t a t i o n a l  temperature can be estimated 
from t h e  distance A: between t h e  &ma of R and P: 

T = -ch -
LUI; (A V ) ~ .  



For molecules without l i n e a r  symmetry, t h e  ro t a t iona l  s t ruc tu re  i s  more complex, 
as pointed out above, and a determination of the r o t a t i o n a l  temperature accord
i n g  t o  the  bands of these molecules generally i s  a much more d i f f i c u l t  problem. 

The relative i n t e n s i t y  of t h e  unsaturated vibrational-rotational bands i s  
v i r t u a l l y  independent of t h e  temperature i f  t h e  s t a r t i n g  level i s  t h e  ground 
level .  On the  other  hand, t he  i n t e n s i t y  of t h e  '%,hot"  bands displays a marked 
temperature dependence. Based on t h e  Boltzmann d i s t r ibu t ion ,  t h e  v ib ra t iona l  
temperature can be determined from t h e  i n t e n s i t y  r a t i o  of l%,otllt o  normal bands. 

The o s c i l l a t i o n  frequency depends on t h e  reduced mass mo and on t h e  force 
constant b,  In molecules d i f f e r i n g  i n  t h e i r  isotope composition, t h e  force con
s t a n t  i s  v i r t u a l l y  t h e  same since t h e  s t ruc tu re  of t h e  electron s h e l l  i s  de
termined by t h e  charges alone and i s  nearly independent of t h e  mass. 

A s  a r e su l t ,  t h e  o s c i l l a t i o n  frequencies of diatomic molecules of d i f f e r i n g  
isotope composition are a t  a mutual r a t i o  of square roo t s  of t h e i r  reduced 
masses [cf. eq. (1.10)1: 

where the  subscri  t s  i and 0 denote molecules of d i f f e r i n g  isotope composition. 
For C13016 and C120l6, 

and the  frequency v t  i s  by 1% l ave r  than the  frequency v,. For polyatomic mole
cules, t he  isotopic  s h i f t s  are determined by more complex r e l a t ions  but t h e i r  
physical meaning and order of magnitude a r e  t h e  same. The band C12'016 with 
4v2 + V 3  (h  2.05 p )  corresponds t o  i t s  isotopic  s a t e l l i t e  l i n e  C130$ ( h  2.10 p )  
whose wavelength d i f f e r s  by approximately 500 1. h atomic spectra, isotopic  
s h i f t s  a r e  much smaller and amount t o  minute f r ac t ions  of an angstrom. Hence 
t h e  sole  source of information on t h e  f ea tu res  of t h e  i so top ic  composition of 
heavenly bodies, including t h e  planets,  i s  t h e  molecular spectra ( the on ly  ex- /2q_ 
ception being. t he  ana lys i s  of deuterium content). The ro t a t iona l  terms a l s o  
undergo isotopic  s h i f t s ,  but t h e  ro t a t iona l  isotopic  e f f e c t  i s  small compared 
with t h e  vibrat ional ,  s ince r o t a t i o n a l  energies are much lower than v ib ra t iona l  
energies. 

Let us  now consider t h e  energy t r a n s i t i o n s  associated with changes i n  t h e  
electronic  s t a t e  of t h e  molecule. The spec t r a l  l i n e  frequencies accompanying 
these t r a n s i t i o n s  a r e  

Here, t h e  quant i ty  v, determines t h e  posi t ion of t h e  system of vibrat ional  
bands; v, i s  t h e  pos i t i on  of t h e  band within t h e  confines of t h e  system; v, i s  
t h e  posi t ion of an individual  ro t a t iona l  l i n e  within t h e  band (F'ig.l/+). I n  
e l ec t ron ic  t r a n s i t i o n s  a l l  values of Av are allowed. Bands with a common upper 



or lower l e v e l  form a series (or a progression), while bands with AV = const 
form a sequence. The curves of po ten t i a l  energy d i f f e r  i n  d i f f e r e n t  e lectronic  
states. Thus, t h e  difference 

u' -B" 

may be e i t h e r  pos i t i ve  o r  negative or zero. A s  a r e s u l t  t h e  band head may be 
present on both t h e  red and the v i o l e t  ends. I n  addi t ion t o  t h e  t r a n s i t i o n s  

AK = 32, t h e  t r ans i t i ons  AK = 0, forming t h e  &-:ranch, are 
sometimes allowed. Since t h e  difference B' - B m y  be of 
a high absolute value, t h e  l i n e s  in t h e  branches P and R4, must converge and diver  e more rapidly than i n  purely 

,1:1 

+/L
f? 

vibrat ional-rotat ional  7in f ra red )  spectra . 
Molecules with i d e n t i c a l  nuclei  do not give a purely 

vibrat ional-rotat ional  spectrum, but a rotational-vibra
z)': 0 	 t i o n a l  s t ruc tu re  i s  present i n  t h e i r  e lectronic  transi

t i o n s ;  t h i s  i s  such t h a t  t h e  r o t a t i o n a l  l i n e s  a l t e r m t e  
s ince t r ans i tions between symmetric and antisymmetric 

*i/J
g 

states a r e  forbidden. 

1 W L  This may be demonstrated on t h e  system of e lectron 
energy l e v e l s  of t h e  02 molecule shown i n  Fig.15. The 
Greek l e t t e r s  E, ll, A, etc.  denote t h e  magnitude of t h e  

a projections of t h e  vector I\ of t h e  t o t a l  o r b i t a l  moment onuf15 t o  t h e  internuclear  axis (I\ = 0, 1, 2, respectively).  The 
quantum number A i n  molecular spectroscopy i s  equivalent & 

Fig.14 ELectronic t o  t h e  quantum number L in atomic spectroscopy. To t h e  
Transitions. 	 l e f t  t o p  of t he  diagram, t h e  t e r m  mul t ip l i c i ty  22 + l i s  

noted, where C i s  t h e  project ion of t h e  t o t a l  spin moment 
onto t h e  internuclear  a d s .  To t h e  r igh t  bottom, t h e  pari

t y  of t h e  molecular configuration i s  shown, which i s  determined by whether t h e  
sum of t h e  quantum numbers 1 of t h e  individual e lectrons i s  even (g) or odd (u). 

The molecules present i n  t h e  atmospheres of t h e  planets  usual ly  are dis
sociated by radiat ion of wavelength h S 2000 A and ionized a t  h 5 1000 A. Out
s ide  these dissociat ion and ion iza t ion  ranges, t h e  absorption coeff ic ient  i s  ex
tremely high s o  t h a t  t h e  far  u l t r a v i o l e t  r ad ia t ion  of t h e  sun i s  absorbed i n  the  
r e l a t i v e l y  high l aye r s  of t h e  atmospheres of t h e  planets.  A s  t y p i c a l  example, 
Fig.16 shows the  wavelength dependence of absorption with respect t o  t h e  disso
c i a t ion  of 02, G O  and CO2, while Fig.17 gives t h i s  dependence f o r  t h e  ioniza
t i o n  of 02 and 0. 

The dissociat ion of ozone 03 i s  even g rea t e r  by v i s i b l e  l i g h t ,  but t h e  
pr incipal  r o l e  i n  i t s  d i s soc ia t ion  is played by absorption i n  t h e  Hartley bands 
located within the  2000 < h < 3000 A region. Table 7 presents t he  dissociat ion 
energies and ionizat ion po ten t i a l s  f o r  ce r t a in  molecules. Note t h a t  i n  a number 
of cases d i r e c t  dissociat ion of t h e  type of 

XY + hv --f x + y 

i s  a much slower process ihan ionizat ion with subsequent d i s soc ia t ive  recombi
nation: 
22 



XY + lzv -+XY7 $. e, 

X Y + $ e - > X + Y ,  

although the  d i s soc ia t ion  energy i s  markedly l ave r  than the ionizat ion poten
t ia l .  I n  planetary atmospheres such a s i t u a t i o n  appl ies  t o  molecules of H2 
and N2. 
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Fig.15 Energy Levels Fig.16 Cross Sections for Photodissociation 
of Neutral and Ionized of 02, HzO and CO2 (Ref -18). 
Molecules of Oxygen. 

The radiat ion at tenuat ion i s  L21 

(1.22) 

where 11 i s  t h e  i n t e n s i t y  of incident radiat ion;  I2 i s  t h e  i n t e n s i t y  of pene
t r a t i n g  radiat ion;  N i s  t h e  number of molecules i n  a column of a cross sect ional  
area 1cm-2; s i s  the  absorption coeff ic ient  per  molecule. The quant i ty  s of t en  
i s  termed the  e f f ec t ive  cross sect ion having t h e  dimensions [cmq. In  Figs.16 
and 17  the  effect ive d i s soc ia t ion  and ion iza t ion  cross sections are plot ted 
along t h e  ordinate. The quant i ty  

N s  = T, (1.23) 

which determines t h e  t o t a l  a t tenuat ion of r ad ia t ion  i n  a layer of matter i s  des
ignated as o p t i c a l  thickness i n  absorption. The quant i ty  

23 



where n i s  the  dens i ty  of matter [ ~ m ' ~1, i s  cal led t h e  volume coef f ic ien t  of ab
sorption. A comparison of eq. $Le 22) with eq. (lo&) c lea r ly  shows t h e  dimensions 
of t he  quant i ty  k as being [cm- 1 

The op t i ca l  thickness of t he  atmosphere with respect  t o  incident radia
t i o n  i s  a l so  log ica l ly  reckoned from T = 0 a t  a height z = a. Figure 18 shows 

t h e  a l t i t u d e  for which T = 1in t h e  earth 's  at
mosphere. The v e r t i c a l l y  incident rad ia t ion  
i s  attenuated e times a t  t h i s  a l t i t ude .  To in

3; cmz '2 O - l  ' I ~-?, --, ves t iga te  t h e  rad ia t ion  of c e l e s t i a l  bodies i n  
< 3000 A it i s  necessaryt h e  region BOO < A 

t o  ascend t o  an  a l t i t u d e  of a t - l e a s t  50 km, 
and i n  the  region of A < 2000 A, t o  an a l t i 
tude of a t  l e a s t  120 km. Such a l t i t u d e s  a re  
accessible  o n l y  t o  rockets. Hence astronomical 
s tud ies  i n  t h e  u l t r a v i o l e t  spectrum region A < 
< 3000 A a re  carr ied out exclusively with t h e  
a id  of instruments carr ied a l o f t  by rockets 
and a r t i f i c i a l  ear th  s a t e l l i t e s .  A very la rge  
number of such invest igat ions has so far been 
made on the  sun and stars. The reason for t he  
lack of s imi la r  s tud ies  o f t h e  planets  l i e s  i n  
t h e  f a c t  t h a t  t h e  rad ia t ion  intensi ty  of t h e  
planets i n  t h e  u l t r a v i o l e t  spectrum region i s  
l o w  and the  f l i g h t  time of t h e  rockets i s  in
suf f ic ien t  f o r  a de ta i led  inves t iga t ion  of ,&
t h i s  spec t r a l  region of the  planets.  Ultra
v io le t  spectra  of t he  planets  a r e  one of t he  
future  tasks  of o rb i t i ng  observatories and 
interplanetary s ta t ions .  

k c h  broader vistas f o r  planetary spec-

TABLE 7 

Fig.17 Cross Sections for 
Ionizat ion of Atomic and 
Molecular Oxygen (Ref. 18) 

IONIZATION POTENTIALS AND DISSOCIATION ENEEGLES 
OF CERTAIN DIATOMIC MOLECULES (REF.20) 

NZ 9.7G 
0 2  5.115 12.08 
112 4.47 15.46 
1 I U  4.51 1 15.: 2 ,G'IG 
co 11.09 14.013 CO+ 8.33 .? 
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troscopy exist i n  t h e  in f r a red  region. The vibrational-rotationalbands of H20  
as w e l l  as of C02,  03 and GI4 i n  t h e  1- x)  PJ i n t e r v a l  do not completely cover 
t h i s  region: There remain transparency Windows (1.5 - 1.8, 2.0 - 2.5, 3.0 - 4.0,
4.5 - 5.0, 8 - 1-3 Cl) i n  which absorption i s  absent o r  so small tha t ,  wi thin 
these in t e rva l s ,  it i s  possible t o  conduct observations from the  earth 's  surface 
(Fig.19). A s  shown above, t h e  region from X) P t o  1mm (cf. Fig.4) i s  f u l l y  
covered by the  band of t h e  r o t a t i o n a l  spectrum of H2O. However, t h e  p a r t i a l  
pressure of Ha0 decreases very rapidly with increasing a l t i t u d e  w i n g  t o  the  
decrease i n  temperature. A t  a l t i t u d e s  of 25 - 30 km, which are accessible  t o  

Fig.18 Penetration of Solar Ultraviolet  Radiation i n t o  
t h e  EarthTs Atmosphere (Altitude a t  which t h e  In t ens i ty  

Decreases e Times) (Ref .19). 

balloons, t he  absorption of infrared radiat ion already may be disregarded. Con
sequently, the use of balloon-borne apparatus ( 'balloon astronomy") i s  of par
t i c u l a r  importance t o  research i n  the  infrared region of t h e  spectrum. The 
methods of balloon astronomy have already produced subs t an t i a l  r e su l t s ,  which 
we w i l l  discuss i n  l a t e r  Chapters. Balloor, astronomy y ie lds  one other advantage 
which, a t  first, ha.d been considered more important, namely, t h e  p o s s i b i l i t y  
of enhancing t h e  angular resolving power i n  observations of planetary d e t a i l ;  
a t  such a l t i t u d e s  atmospheric j i t t e r  no longer r e s t r i c t s  t h e  resolving power. 
I n  r e a l i t y ,  however, i t  has not yet been f eas ib l e  t o  exploi t  t h i s  advantage. 

Section 1.2 E;nerg.. Dis t r ibut ion i n  P k n e t a r y  3pectra 

Spectral  l i nes  are observed against  t h e  background of a continuous spectrum 
i n  t h e  form of absorption or emission l i nes ,  depending on t h e  conditions of 
t h e i r  formation. The continuous spectrum of t h e  planets  e s s e n t i a l l y  d i f f e r s  
from that of t h e  stars, being determined by t h e  superposition of two near-
Planckian curves. The t o t a l  energy d i s t r i b u t i o n  curve has a dual  peak (Fig.X)) . 
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Fig.19 Transparency of t he  Atmosphere i n  t h e  1- 1 5  1-1 
Wavelength Region’at 17 mm Precipi ta ted Water. 

Ordinate: t ransmissivi ty  i n  percent per nau t i ca l  mile. 
The measurements were performed along a horizontal  path. 
Since the  a l t i t u d e  scale  f o r  HzO i n  t h e  earth’s atmos
phere i s  - 2 km, t h e  horizontal  transmission coeff ic ient  
per nau t i ca l  mile roughly equals t h e  t o t a l  v e r t i c a l  

transmission of t he  atmosphere. 

The short-wave segment represents t h e  spectrum of s o l a r  r ad ia t ion  ref lected from 
t h e  planet, while t h e  long-wave segment gives t h e  cha rac t e r i s t i c  thermal radia
t i o n  of t he  planet.  There e x i s t s  a c r i t i c a l  wavelength h ,  such tha t ,  i n  t h e  
wavelength range above h ,  (region I), the  i n t e n s i t y  of t h e  thermal radiat ion i s  
higher than t h a t  of t h e  r e f l ec t ed  radiation; conversely, in t h e  wavelength range 
below h ,  (region 11), re f l ec t ed  radiat ion p r e d o p t e s .  For t h e  planet nearest 
t o  t h e  sun and hot tes t ,  namely Mercury (T = 600 K on t h e  illuminated side),  we 
have h ,  c: 2p. The colder a planet t h e  higher w i l l  be i t s  h C .  For Mars, we have 
h ,= 4 p  and f o r  Jupi ter ,  h = 9 I-1 

Knowing t h e  i n t e n s i t y  of thermal r ad ia t ion  of a planet it i s  possible t o  
determine i t s  temperature. If the  t o t a l  i n t e n s i t y  Q, integrated from 0 t o  m 

with respect t o  1, i s  known, then the  Stefan-Boltzmann l a w  

oT4 = Q 

can be used fo r  determining the  efifective temperature T = T,(o = l.817 x h.5 
x lo-’’ w cm-’ deg-4 sterad- ). If t h e  monochromatic i n t e n s i t y  11 or t h e  
i n t e n s i t y  within some range h l  - h ,  i s  measured, t h e  brightness temperature TB 
can be found from t h e  r e l a t ions  

(1.26) 

and 

(1.27) 


where 
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i s  the r ad ia t ion  inzens i ty  of an absolutely !lack body, determined by Planckfs 
l a w  (c1 = 1.19 X 10 w sterad-l cm-" ' P , c z  = 14,350 P deg). The tem
peratures T, and TB represent t h e  temperature of a n  absolutely black body whose 
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Fig. 23 Absolute Energy Distr ibut ion i n  
t h e  Planetary Spectra. 

Plotted along the  ordinate i s  the  mono
chromatic i l lumination on earth.  The 
so l id  l i n e s  give t h e  r e f l ec t ed  r ad ia t ion  
and the  broken l i nes ,  t h e  natural radia
tion. The energy d i s t r i b u t i o n  i n  t h e  
spectrum of cha rac t e r i s t i c  r ad ia t ion  i s  
calculated from Planckfs formula. I n  
calculat ing the  r e f l ec t ed  r ad ia t ion  it 
w a s  assumed t h a t  t h e  albedo ( A )  i s  in

dependent of t h e  wavelength. 

i s  wr i t t en  as 

brightness equals t he  measured 
brightness of t h e  planet. Knowing 
t h e  wavelength dependence of t h e  
i n t e n s i t y  it becomes possible t o  
determine t h e  color temperature T, 
which i s  the  temperature of a per
f e c t l y  black body of t h e  same rela
t i v e  i n t e n s i t y  dis t r ibut ion.  

The thermal radiat ion escaping 
i n t o  space i s  emitted by t h e  sur
face and by the  atmosphere. In 
t h e  spec t r a l  regions where the  at
mosphere i s  transparent t h e  emis
s ion source i s  t h e  ground surface, 
such t h a t  

where �1 i s  the  emission coeffi
cient and T, i s  t h e  t r u e  tempera
ture of t h e  surface. I n  t h e  region 
of low frequencies and, par t icular
ly ,  of radio frequencies, it i s  
possible t o  apply the  Rayleigh-
Jeans formula 

where cg =30,828 w sterad-' 
cm-2 P and 

I n  radio astronomy, brightness i s  
usual ly  given i n  a frequency scale. 
The Rayleigh-Jeans f o r m l a  then 

where k = 1.38 X 10-23erg deg-' i s  t h e  Boltzmann constant and h i s  given i n  
cm. 
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S t r i c t l y  speaking, t h e  brightness temperature of t h e  thermal emission of a 
so l id  body does not pe r t a in  t o  t h e  so l id  surface i tself  but  t o  some depth of 
t h e  body equal t o  several wavelengths. For in f r a red  r ad ia t ion  t h i s  reservat ion 
does not apply, but f o r  t h e  radio-frequency range t h e  e f f ec t ive  level responsi
b l e  f o r  t h e  radiat ion may be a t  t h e  depth of several tens of centimeters or  
several  meters, a t  which t h e  temperature markedly d i f f e r s  from t h e  surface tem
perature 

I n  t h e  spec t r a l  regions where the  atmosphere i s  nontransparent t h e  out
going r ad ia t ion  i s  emitted by t h e  atmosphere i t se l f .  It can be shown t h a t ,  t o  
a first approximation, t h e  brightness temperature TB equals t h e  temperature of 
t h e  atmosphere a t  t h e  level where t h e  o p t i c a l  thickness i s  T = 1. By measuring 
t h e  brightness of thermal r ad ia t ion  of t h e  atmosphere i n  d i f f e r e n t  portions of  
t h e  spectrum with d i f f e r e n t  absorption it becomes b a s i c a l l y  possible t o  calcu
l a t e  t h e  a l t i t u d e  d i s t r i b u t i o n  of temperature 

T,, = T ( z ) .  (1.33) 

For t h i s ,  one can u t i l i z e  t h e  wavelength dependence of brightness within t h e  
confines of some s t rong molecular band located i n  t h e  region I. If t h e  tempera
t u r e  of t h e  atmosphere decreases w5th increasing a l t i t u d e ,  as i s  most o f t en  t h e  
case, such a band w i l l  be e x t e r n a n y  observed as an absorption band. This method 
has not y e t  been employed i n  a c t u a l  research s ince i t s  appl icat ion involves 
c e r t a i n  technical  d i f f i c u l t i e s ,  but t h e  respective prospects are highly in t e r 
esting. 

A d i r e c t  determination of To from measurements of t h e  t o t a l  cha rac t e r i s t i c  
r ad ia t ion  f l u x  a l s o  has not yet become reality; t h i s  would require  placing a 
telescope, with a nonselective r ad ia t ion  sensor, outs ide t h e  confines of t h e  
t e r r e s t r i a l  atmosphere. The continuous spectrum of t h e  planets  i n  t h e  region I 
generally i s  u t i l i z e d  only f o r  determining t h e  br ightness  and color tempera
t u r e s  TB and Tc. The e f f ec t ive  temperature To can be calculated by another 
method, namely by t h e  heat balance of t h e  planet. Since t h e  t o t a l  flux of ab
sorbed so la r  r ad ia t ion  - disregarding t h e  i n t e r n a l  energy sources of t he  planet
- equals the  outgoing infrared flux, we have 

where EO i s  t h e  so l a r  constant; r i s  t h e  radius of t h e  planet;  R i s  t h e  dis tance 
t o  t h e  sun i n  astronomical units; A i  i s  the  integral  albedo averaged over t h e  
e n t i r e  spectrum; dS i s  an element of .area of t h e  planet. The spherical  albedo 
of a planet i s  t h e  r a t i o  of t h e  s o l a r  radiat ion f lux r e f l ec t ed  i n  every d i r ec t ion  
t o  t h e  incident flux. If To i s  i d e n t i c a l  a t  every point on t h e  planet,  then 

It follows from eq.(l.35) that 
2 8 0 v m

T ,  = vz ' 
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i.e., t he  temperature i s  inversely proportional t o  t h e  square root of distance.& 

In t h e  region I, molecular t r ans i t i ons  may, i n  principle,  produce both ab
sorption and emission bands ( i f  t h e  temperature of t h e  atmosphere increases  with 
a l t i t u d e ) .  In the  region 11, t h e  spectrum of ref lected so la r  r ad ia t ion  w i l l  
contain molecular bands only i n  absorption. The solar quanta are absorbed i n  
rotat ional- l ine frequencies v ,  + v ,  and r a i s e  t h e  molecule t o  a higher energy 
level. Transit ion back t o  t h e  ground level occurs without radiation, owing t o  
co l l i s ion  with another molecule. In t h e  end, t h e  energy of t h e  quantum i s  con
verted i n t o  heat. 

Radiation i n  t h e  region I1 i s  ref lected by t h e  surface and t h e  atmosphere. 
Even i n  t h e  absence of absorption, t h e  i n t e n s i t y  of t h e  l i g h t  reaching t h e  sur
face decreases due t o  sca t t e r ing  i n  t h e  atmosphere. The scat tered l i g h t  p a r t l y  
escapes i n t o  space and p a r t l y  i s  absorbed by t h e  surface. Later we w i l l  con
s ide r  i n  greater  d e t a i l  t h e  problems of l i g h t  scat ter ing.  Here we merely would 
l i k e  t o  point out t h e  following: In t h e  region h < 3000 8,  owing t o  absorption 
by molecules (Os, 02, N2, etc.; see Fig.l8), t he  earth’s albedo, conditioned by 
scat tered radiation, i s  very small since t h e  number of s ca t t e r ing  molecules i s  
small above the  l e v e l  a t  which t h e  o p t i c a l  absorption density i s  T = 1. A simi
lar picture  i s  bound t o  p reva i l  a l s o  f o r  t h e  other planets:  I n  t h e  u l t r a v i o l e t  
spectrum region, a t  wavelengths shorter  than some l imi t ing  wavelength A‘, t h e  
brightness of scat tered r ad ia t ion  decreases sharply, I n  t h i s  connection, i n  t h e  
upper l aye r s  of t he  atmosphere recombination processes, co l l i s ion  excitation, 
and chemical reactions cause t h e  molecules and atoms t o  glow, and it i s  not un
l i k e l y  t h a t  i n  the  u l t r a v i o l e t  region (1 < A ‘ )  t h e  spectrum of a planet might be 
determined by the  emissions of t h e  upper atmosphere even on t h e  day side.  

The r ad ia t ion  spectrum of t h e  earth’s upper atmosphere i s  observed a t  night 
on ly  up t o  2.5 (Ref.21). This glow accounts f o r  t he  brightness of t h e  night 
sky on moonless nights and the  brightness of t h e  night s ide of t h e  ea r th  when 
viewed by an observer outside t h e  earth. In t h e  high l a t i t udes ,  t he  brightness 
may be markedly enhanced by polar  auroras. The spectrum of t h e  unilluminated 
p a r t  ( the night s ide )  of t h e  other planets  apparently a l s o  i s  determined by t h e  
glow of t h e  upper atmosphere - night airglow and polar  auroras. The emission 
spectra of t he  glow of  t he  upper atmosphere may be i n  pr inciple  a major t o o l  i n  
planetary research. Observations from t h e  earth,  however, involve major d i f f i 
c u l t i e s  owing t o  t h e  l i g h t  scat tered from the  day s ide  of t he  planetary disk. 

A s  pointed out above, i n  the  far infrared and submillimeter wave range the  
t e r r e s t r i a l  atmosphere i s  nontransparent. Radio waves i n  t h e  1- 10 mm range & 
s t i l l  undergo appreciable absorption; however, already beginning with 1.5 - 2 mm 
it becomes possible t o  observe cosmic sources of radio radiation. Beginning 
with roughly f r o m 1  cm t o  15 my absorption i n  t h e  t e r r e s t r i a l  atmosphere can be 
disregarded. Longer wavelengths are trapped due t o  r e f r ac t ion  and r e f l e c t i o n  i n  
t h e  ionosphere. The c r i t i c a l  frequency ( the lowest frequency of radio waves 
passing through the  ionosphere) i s  

where ne i s  t h e  electron densi ty  (cm‘”) a t  t h e  ionirtation m a x i ” .  The thermal 
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r ad ia t ion  of t h e  planets  can a l s o  be observed i n  the  centimeter and decimeter 
wave range. According t o  eq.(1.32), t he  brightness of thermal radiat ion i n  t h e  
radio range diminishes rapidly with increasing wavelength. The brightness tem
perature TB, measured i n  t h e  radio range, characterizes e i t h e r  t h e  surface tent
perature ( if  t h e  atmosphere i s  transparent t o  radio radiat ion)  o r  t h e  tempera
t u r e  of some l e v e l  of t h e  atmosphere. I n  both cases, t h i s  holds only i f  t h e  
radiat ion i s  of thermal nature. However, radio r ad ia t ion  may a l s o  be generated 
by nonthermal processes. An elementary example of such nontherml processes i s  
t h e  emission of electromagnetic waves by radio s t a t ions .  Natural nonthermal 
processes of radio-wave generation, operative i n  sources of cosmic radio emis
sion, a l s o  are k n m .  A t  present two processes (or llmechanismsrl) of t h i s  kind 
can be named: 1)emission of high-energy electrons i n  magnetic f i e l d s ;  2) plasma 
osc i l l a t ions  excited by fluxes of charged pa r t i c l e s .  The nonthermal sources of 
cosmic radio emission may have an extremely high brightness temperature, con
siderably above t h e  k ine t i c  temperature. 

Section  1.3 T e les copes , Spectra&. h&rument s ,-Radiation  Sensors 

By contrast  with t h e  stars, t h e  planets  when observed through a telescope 
show as  disks  of considerable diameter. The planetary disks  have dark and l i g h t  
p a r t s  of d e t a i l  d i f f e r i n g  i n  s ize ,  shape, contrast ,  s p e c t r a l  character is t ics ,  
etc.  This d e t a i l  e i t h e r  i s  s t a b l e  and s p e c i f i c a l l y  local ized on t h e  ground sur
face o r  e l s e  represents clouds rapidly changing i n  shape, disappearing and re
appearing i n  other places. The s t a b i l i t y  of t h e  portions of surface d e t a i l  i s  
not absolute, s ince these may undergo changes: e i t h e r  seasonal, slow llsecularll, 
o r  sudden (&rs). On the  other hand, cloud formations may p e r s i s t  f o r  protracted 
periods of time (Jupi ter) .  Observations of t h e  d e t a i l  of planetary disks, com
p i l a t i o n  of maps of t h i s  d e t a i l ,  etc.  a t  one t i m e  const i tuted t h e  substance of 
planetary studies.  Currently, a l l  p o s s i b i l i t i e s  i n  t h i s  d i r ec t ion  a s  regards 
ground-based observations have been exhausted and f u r t h e r  advance i s  being made 
along the  l i n e  of physical methods. It i s  i n t e r e s t i n g  t o  note t h a t  t h e  l a rge  
op t i ca l  telescopes b u i l t  i n  t h i s  century have contributed l i t t l e  i f  anything t o  
t h e  knowledge of planetary d e t a i l .  What might be t h e  reason f o r  t h i s ,  a t  first 
glance, strange phenomenon? 

The angular resolving power of a telescope i s  known t o  be determined by 
th ree  factors:  1)d i f f r a c t i o n  a t  t h e  edges of t h e  lens;  2) aberrations;  3) at
mospheric j i t t e r  o r  trembling of image. Diffract ion i s  due t o  t h e  f a c t  t h a t  t h e  
image of a point source a t  t h e  focus of a l ens  of i d e a l  qua l i t y  i s  not a point 
but a round disk surrounded by a sequence of r ings gradually decreasing i n  in
tensi ty .  The dis tance from t h e  center of t h e  system of r ings t o  t h e  first maxi
mum i s  

where h i s  t h e  wavelength and D t h e  l ens  diameter. Two point sources can be ob
served separately only if t h e  angular dis tance between them exceeds 4. Here, 
Fig.21 shows t h e  angle Lkp ( i n  seconds of a r c )  as a function of t h e  telescope 
diameter, calculated fo r  two wavelengths: h = 0.55 IL which i s  t h e  effect ive wave-



length of t h e  r ad ia t ion  perceived by t h e  human eye and 10 IJ. which i s  t h e  effec
t i v e  wavelength corresponding t o  t h e  infrared transparency window a t  h 8-13 p. ,& 

The second source l imi t ing  t h e  angular resolving power i s  consti tuted by 
aberrations.  The parabolic mirror which i s  t h e  p r inc ipa l  element of present-day 

r e f l e c t o r s  will cause no aberrations on i t s  
o p t i c a l  axis i f  i t s  e n t i r e  surface i s  
polished with normal precis ion (deviations 
from a paraboloid, * h / 8 ) .  Such a pre
cis ion usual ly  i s  a t t a ined  i n  any manufac
tu r ing  plant. Often, addi t ional  d i f f i cu l 
t i e s  a r i s e  due t o  deformations caused by 
changes i n  s p a t i a l  pos i t i on  and by tempera
t u r e  inhomogeneities. However, these ef
f e c t s  can always be minimized t o  such an 
extent t h a t  d e f i n i t i o n  i s  l imited not by 
aberrat ion but by atmospheric j i t t e r .  

The e f f e c t  of atmospheric j i t t e r  i s  
due t o  t h e  f a c t  t h a t  t h e  d i f f r a c t i o n  image 
of a star undergoes deformation and s p l i t s  
i n t o  fragments t h a t  v ib ra t e  i r r egu la r ly  
with respect t o  each other and become 
blurred so t h a t ,  instead of a regular d i f 
f r ac t ion  s t ructure ,  a pulsating c i r c l e  -
known a s  t h e  spurious disk - i s  produced. 
It i s  t h e  s i z e  of this disk t h a t  determines 
t h e  r e a l  de f in i t i on  and qua l i ty  of t h e  
image. The diameter of t h e  spurious disk 

Fig. 21 Theoretical and Practi
c a l  Angular Resolving Power of 

Optical  Telescopes. 
The dimensions of t h e  spurious 
d i sk  a r e  specified f o r  t h e  v i s 
i b l e  spectrum region. 

generally increases with t h e  diameter of t h e  
teles5ope. For a 5-m r e f l e c t o r  (Fig.22) it averages 3 - 4" or, on good nishts ,  
1- 2 ; fo r  t h e  3-m r e f l e c t o r  of t h e  Lick Observatory t h i s  diameter i s  0.3 ,
which i s  considered a record. Atmospheric j i t t e r  i s  due t o  f luctuat ions i n  t h e  
r e f r ac t ive  index associated with currents and eddies i n  t h e  atmosphere outside 
t h e  telescope tower, within t h e  tower and, l a s t l y ,  i n  t h e  tube of t h e  telescope. 

To a t t a i n  an angular resolut ion of t h e  order of 0.2", which i s  considered 
record-breaking, it i s  necessary t o  se l ec t  with extreme care  t h e  s i t e  of t h e  
telescope and the  construction of t h e  tower and tube. Very few ever have suc
ceeded i n  a t t a i n i n g  such a resolution, and t h a t  only i n  visual observations 
(Ref.22). In  photography, a resolut ion greater  than 0.4" i s  impossible t o  at
t a i n  a t  present. The point i s  t h a t  t h e  eye of t h e  t r a ined  observer automatically 
s e l e c t s  t h e  r a re  i n s t a n t s  a t  which t h e  image suddenly becomes pa r t i cu la r ly  good 
f o r  a few seconds, whereas a photographic p l a t e  r e g i s t e r s  an i l lumination t h a t  
i s  i n t e g r a l  i n  time. 

In t h e  l a s t  half-century, photographic and v i sua l  ground observations o f  
t he  d e t a i l  of planetary disks  have contributed nothing new i n  principle.  Appre
ciable  progress w a s  made only a f t e r  outer-space rockets and interplanetary probes 
came i n t o  use. The Soviet interplanetary probes Wechta11 and 'IZond IIIrlrevealed 
t h e  aspect of t h e  dark s i d e  of t he  moon, inaccessible t o  earth-based observa- f& 
t ions.  With t h e  a i d  of onboard t e l ev i s ion  cameras of t h e  US spacecraft  Ranger 
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V I I ,  Ranger V I 1 1  and Ranger IX t h e  lunar surface w a s  photographed from a short  
dis tance (as l i t t l e  as a few hundred meters). The s p a t i a l  resolut ion of t h e  
l a s t  frames they transmitted before impacting on t h e  lunar surface w a s  f r ac t ions  
of a meter. An outstanding achievement of modern science was  t h e  photographing 
of t h e  surface of Mars by t h e  American spacecraft  Mariner I V Y  carr ied out a t  a 

Fig.22 The 5-Meter Reflector of Mount Palomar 
Observatory . 

distance of approldmately 230 mill ion km f romEarth on July 14,1965. &riner  I V  
made a flyby of &rs a t  a distance of 12,000 km f r o m t h e  surface of t h e  planet. 
It transmitted 21 photographs, each corresponding t o  a sector  measuring ap
proximately 300 X 300 km (Ref. 23).  When observed from ea r th  during favorable 

/& 
opposition, a sector  of t h i s  kind measures 1X l”, i.e., verges on t h e  limit of 
photographic resolution. 

There e x i s t s  s t i l l  another means of increasing t h e  resolving power, l e s s  
expensive but not as fundamental, namely photographing t h e  planets  from t h e  
stratosphere by means of balloon-borne telescopes. To accomplish appreciable 
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Fig. 23 The 22-Meter Precision Radio-
telescope of t he  Physics I n s t i t u t e  h. 
P .N.Lebedev, Academy of Sciences USSR. 

Fig.% The 300-Meter Fixed Radio-
telescope of t h e  Arecibo Ionospheric Ob
servatory (Puerto BCO) * 

prog-ess a resolut ion of a t  l e a s t  
0.1’ i s  required. This i s  the  
theo re t i ca l  resolut ion of a tele
scope of a diameter of 1m. A /&
r e f l e c t o r  of appreciable dimensions 
would have t o  be l i f t e d  i n t o  t h e  
stratosphere and, once there,  
caused t o  operate i n  an i d e a l  man
ner, which i s  not always a t t a in 
ab le  i n  a normal ground observa
tory.  Attempts of t h i s  kind are 
being undertaken, so  far without 
success. 

The resolving power of a 
radiotelescope i s  ch ie f ly  re
s t r i c t e d  by d i f f r ac t ion ,  which al
so  i s  determined by eq. (1.38); 
s ince t h e  wavelengths i n  t h e  radio 
range a r e  long (centimeters, deci
meters, and meters), t h e  angular 
resolving power of t h e  l a rges t  
radiotelescopes i s  i n f e r i o r  t o  
t h a t  of t h e  smallest o p t i c a l  tele
scopes. Resolution of planetary 
disks  i s  not f eas ib l e  with an iso
l a t e d  radiotelescope, but t h e  
brightness d i s t r i b u t i o n  over t h e  
disk can be roughly investigated 
with t h e  a i d  of interferometers -
systems with interspaced aerials 
l inked t o  a common receiver. For 
a two-aerial interferometer t h e  
distance between the antennas 
(base of t h e  interferometer) i s  
entered i n  eq.(1.38) as the  quan
t i t y  D. Figures 23 - 25 i l l u s t r a t e  
some of t h e  radiotelescopes used 
i n  interplanetary research. The 
detai led d i s t r i b u t i o n  of radio 
brightness over a planetary disk 
can be determined with t h e  a i d  of 
a small radiotelescope mounted on 
an interplanetary space platform 
during overf l ight  a t  close dis
tance. Observations of t h i s  kind 
were carried out i n  1962 during 
t h e  f l i g h t  of t h e  American space
c r a f t  Mariner I1 close t o  Venus 
(cf . Chapt .III). 

Planetary brightness i n  t h e  
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o p t i c a l  range i s  measured with methods of hotographic and photoelectric photo
metry. I n  t h e  region I (natural radiat ion P, photometric measurements reveal  fl& 
t h e  brightness temperature of t h e  surface, while i n  t h e  region I1 ( ref lected 
radiat ion)  they provide information on t h e  o p t i c a l  propert ies  of t h e  atmosphere 
and the  surface (cf. Sect.l.5). 

Fig.25 Two-Aerial Interferometer of t h e  California 
I n s t i t u t e  of Technology a t  Owens Valley. 

In the radio range, t h e  flux of na tu ra l  r ad ia t ion  Ev i s  measured a t  some 
specified frequency v ( the transmission bandwidth of t h e  receiver  usually being 

v). The brightness Bv i s  found from t h e  r e l a t i o n  

where w i s  the so l id  angle, and the  brightness temperature i s  found from hi 
eq. (1.32) Assunling t h a t  t h e  brightness i s  t h e  same a t  a l l  points on t h e  disk, 
we have 

fi”
B, = -
w ’  (1.40) 

where w i s  the so l id  angle under which the  planet i s  v i s ib l e .  
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Note tipt in radio astrzpoqy the term rrfluxrl
(having the dimensions [w 0 

m* cps 1 or [erg sec s cme2 cps-ll) corresponds to the term Irillumi
nation1!in optics. 

A photometer with a set of filters represents an elementary spectral ap

paratus. The spectral energy distribution can be investigated in greater detail 

by means of spectrographs and spectrometers. The chief characteristic of a 

spectral instrument is its spectral resolving power 


where Ah is the minimum distance between two spectral lines at which they still 
can be separately discerned. In theory, modern spectral instruments allow a re
solving power of as much as lo6 and more, but the actually attainable value of 
the focal length f depends on the intensity of the source, sensitivity of the 
sensor, and time of observation. 

In the spectral range h < 11,000 A, radiation can be recorded with the aid 
of photographic emulsions and photoelectric sensors with photoemissive effect 
(photomultipliersand image converters). In planet observations in this region,
it is readily possible to achieve a resolving power of 

h-3 104,
AJ. 

corresponding to a resolution of 


A h Z 1 A .  

The resolving power m y  be increased roughly to l o5  and in certain special cases 
to even greater values. 

In the region h > 11,000 A, the most sensitive sensors are sedconductor 
photovaristors and photocells or phototubes with photoconductive effect. Al
though they are the best in this spectral region, their sensitivity threshold in 
absolute units is two or threeoordersof magnitude lower than that of sensors 
used in the region h < 11,000 A. At present the photoconductivity of a large
number of semiconductor materials has been investigated and numerous photoelec
tric sensors and photodetectors with different sensitivities and different spec
tral characteristics have been developed (Ref.&). These instruments normally 
operate at low temperatures. The greater the wavelength corresponding to the 
red boundary of the photoelectric effect, the lower will be the operating tem
perature. Table 8 presents certain types of photovaristors for the infrared re
gion of the spectrum, in comparison with other types having optimal photosensi

tivity within their operating range. 


In the 1 - 4 I-L region the optimal detector of this kind is the lead-sulfide 
photovaristor (PbS). For the bright planets (Mars and Venus) photoelectric spec
trometers with PbS photovaristors make possible a resolution of 
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TABLE 8 

INFRARED RADIATION DETECTORS 

Material 

Ge, germanium 
PbS, l e a d  s u l f i d e  

9 
,> 

InSb, indium antimonide 
Ge-Au, gold-doped 

germanium 
Ge-Zn, z inc-doped 

germanium 
Ge-Hg, mercury-doped 

germanium 
Ge-Ga, gal l ium-doped 

germanium 

R a d i a t i o n  bo lometers  
and thermocouples  
a t  room temperature 

BLC 
PhV 

S o l i d  C o p  
Uncooled 

1.r,
3.u 

p hV 
P hV 
BLC 

S o l i d  Cop 
L i q u i d  N p  

R V 

3 . 4  
4.0 
6 

P hV u D 9 

PhV S o l i d  N p  15 

P hV L i q u i d  H p  15 

Bolometer 
L i q u i d  He, 

w i t h  
e v a c u a t i o n  

- ( 20J) 

_ _ _ .  
~ 

within the  1- 2.5 P range+$. In  t h e  3 - 4 CL transparency window, where the  in
t e n s i t y  i s  appreciably l&er,  we have 

Similarly,  i n  the  8 - 13 CL range, no spectra of Mars and Venus with a resolving 
power of more than 10’ have, a s  yet  been obtained, but these  observations were ,&
chief ly  based on heat sensors of r e l a t ive ly  l o w  s e n s i t i v i t y  (Refs.25, 2 6 ) .  I n  
pr inc ip le  it i s  feas ib le  t o  improve t h e  resolut ion in t h i s  range by using doped 
germanium photovaristors. Recently, a new type of heat sensor, competing i n  sen
s iE iv i ty  with photovaristors, has appeared on t h e  market, t h e  low-temperature 
(2  K )  bolometer of gallium-doped germanium (Ref.27) which has already led  t o  a 
number of important astronomic discoveries. 

A t  a resolving power of lo4 - lo5, it becomes possible  t o  dis t inguish be
tween separate ro t a t iona l  l i n e s  of t h e  vibrakional-rotational bands. This can
not be done a t  a resolving power of 10” - 10 ; i n  t h e  l a t t e r  case, only the  en
velope of t h e  ro t a t iona l  s t ructure ,  which i s  more or l e s s  d i s tor ted  by the  in
strument contour of t h e  device, i s  recorded. An increase i n  resolving power would 

+* Recently G. and PAoppe, using the  Fourier method, obtained thg spectrum of 
Venus i n  the  1- 2.5 CL range with a resolving power of h/Oh = 10 (galley-proof 
note). 



make it  possible t o  detect  s t i l l  unknown weak bands and t o  extract  more informa
t i o n  from the  already known bands, but t he  solut ion of t h i s  problem requires a 
marked improvement i n  t h e  technique of observation. 

w 
a! 

n 

Fig.26 The l25-cm Reflector of t h e  Fig.27 Optical  Diagrams of 
Southern Stat ion of t h e  S ta t e  Astro- Diffract ion (a) and Prism (b) 
nomic I n s t i t u t e  im P.K.Shternberg, 
with an Infrared Prism Spectrometer 
(Crimean Astrophysical Observatory). 

Spectrometers Used by the  Author 
i n  Planet Observations. 

Figure 26 gives a photograph made with t h e  125-cm r e f l e c t o r  of t h e  Southern 
Stat ion of t he  S ta t e  Astronomical I n s t i t u t e  im. P.K.Shternberg (GAISh) while 
Fig.27 shows the  o p t i c a l  diagrams of two infrared spectrometers used by t h e  
author f o r  measuring planetary spectra on t h i s  telescope. Here, SI and S2 are 
t h e  entrance and e x i t  s l i ts  of t h e  spectrometers; P2 i s  t h e  parabolic mirror 
which simultaneously a c t s  as collimator and camera (autocollimation arrangement) ; 
PI, Pa, P4; D 1 ,  D 2  are plane mirrors. The edges of t h e  first s l i t  are mirror- & 
polished and t i l t e d  through a n  angle such t h a t  t h e  planet image on t h e  sl i t  can 
be seen i n  t h e  viewing tube G. PC denotes the  photovaristor i n  a Dewar vessel. 
Mostly lead-sulfide photovaristors cooled with so l id  carbon dioxide o r  l i q u i d  
nitrogen w e r e  employed. The spectrum i s  scanned by turning t h e  d i f f r a c t i o n  grat
i n g  D i n  t h e  d i f f r a c t i o n  spectrometer and the a u t o c o l l k t i o n  mirror i n  t h e  prism 
spectrometer. The beam of l i g h t  emerging from t h e  telescope i s  interrupted by a 
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perforated r o t a t i n g  d i sk  and t h e  signal f r o m t h e  photovaristor i s  amplified by 
a narrow-band amplifier tuned t o  t h e  modulation frequency. After r e c t i f i c a t i o n  
and smoothing i n  a synchronous detector,  t h e  signal i s  recorded on t h e  s t r i p  
chart of  t h e  electronic  potentiometer. The d i f f r a c t i o n  spectrometer i s  used in 
studying r e l a t i v e l y  b r igh t  bodies (Mercury, &rs, Venus, Jupi ter ,  Saturn) with 
a maximum spec t r a l  resolut ion i n  t h e  1- 2.5 IJ. range. All observations i n  t h e  
3 - 4 IJ. range as we l l  as observations of fa int  objects  (e.g., t h e  Galilean satel
l i t e s  of Jup i t e r )  o r  small sectors  of b r igh t  planets  i n  t h e  1- 2.5 IJ. range were 
performed with t h e  a i d  of t h e  prism spectroscope. 

The use of o p t i c a l  spectrographs and spectrometers permits recording a 
l a r g e  spec t r a l  i n t e r v a l  i n  i t s  e n t i r e t y  (about an octave and more). In  t h e  radio 
range t h i s  cannot be done, s ince the  entrance elements of t h e  radiotelescope 
(beginning with t h e  exc i t e r )  a r e  fine-adjusted. Observations of t h e  planets  re
quire a highly sens i t i ve  apparatus (note t h a t  radio astronomy sensors are gener
a l l y  t h e  most s ens i t i ve  of a l l  radiat ion detectors) .  A s  a rule, individual  as
tronomical observatories operate with a l imited set of radiometers and can con
duct simultaneous observations a t  only one or two frequencies. The spectrum 
must be plot ted along points,  on t h e  b a s i s  of t h e  data  col lected by various in
vestigators.  This i s  acceptable only when invest igat ing t h e  continuous spectrum, 
s ince new spec t r a l  l i n e s  cannot be discovered by t h i s  procedure except fo r tu i 
tously. Several s p e c t r a l  l i n e s  known i n  radio astronoay (A 21 cm H, OH l i n e s )  
were discovered only because of precise  t h e o r e t i c a l  predict ion of t h e i r  posit ion.  
No spec t r a l  l i n e  has been observed i n  t h e  radio spectra  of planets,  although 
these l i n e s  may ex i s t  i n  t h e  millimeter and centimeter ranges (Ref .28) .  Fladio
spectroscopy o f f e r s  i n t e r e s t i n g  p o s s i b i l i t i e s  f o r  research i n  planetary physics, 
but t h e  technical  obstacles a r e  as yet  t oo  great.  

Reflected and scat tered radiat ion i s  polarized. The degree of t h i s  polari
zat ion depends on the  nature of t he  ambient medium and t h e  conditions of scat- & 
ter ing.  Hence an analysis  of polar izat ion may provide i n t e r e s t i n g  information 
on t h e  physical cha rac t e r i s t i c s  o f t h e  sca t t e r ing  medium, whether t h i s  be an at
mosphere o r  a sol id  surface o r  both. Visual, photographic and photoelectric 
polarimeters a r e  used f o r  t h i s  purpose. The devices most s ens i t i ve  t o  small de
grees of polar izat ion a r e  the  photoelectric types. 

The polar izat ion of na tu ra l  radiat ion (Ref. 29, 30) a l s o  i s  of considerable 
i n t e r e s t .  While r ad ia t ion  i s  thermal and belongs t o  a s o l i d  and smooth surface, 
a t  t h e  planetary limbs it must be l i n e a r l y  polarized, with t h e  degree of polari
zat ion depending on the  r e f r ac t ive  index i n  accordance with Fresnel's l a w s .  The 
radiat ion of t h e  gaseous atmosphere i s  not polarized. If t h e  r ad ia t ing  medium 
i s  a dense ionosphere (which, i n  principle,  may occur within t h e  radio range; 
cf. Chapt.III), c i r c u l a r  polar izat ion i n  a magnetic f i e l d  may occur. The non
thermal emission of high-energy electrons i n  magnetic f i e l d s  i s  characterized by 
l i n e a r  polarization, with t h e  or ientat ion of t h e  dominant plane depending on t h e  
geometry of t h e  magnetic f i e ld .  

Section 1.4 & u a n t i t a t i v e r o s c o p ; y  of P1setar .y  Atmospheres 

a> Width of s p e c t r a l  -line. The width of a s p e c t r a l  l i n e  (atomic o r  molecu
l a r )  i s  determined by th ree  factors:  1) n a t u r a l  a t tenuat ion;  2) a t tenuat ion due 
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to collisions (pressure broadening); 3) Doppler broadening. 

Doppler broadening constitutes the statistical effect of the simultaneous 

observation of a large number of emitting and absorbing atoms moving at various 

velocities. Were we to isolate a single atom from all other atoms, only the 

factor (1)would be operative. 


The width ruled by the factor (1) is designated as A V N ;  by the factor (2 ) ,  
as Avc; by the factor (3), as AV,.  In quantum mechanics it is shown that 

where T i  and T k  are the lifetimes of the upper and lower states, respectively
(t$e characteristic time of natural attenuation). The quantity A V N  is at most 
10 sec-1 , even for the strongest lines. 

Collision broadening can be interpreted as the effect of collisions dis
rupting the process of emission and reducing T. The lifetime reduced by col- & 
lisions (the characteristic emission decay t h e  due to collisions) is 

where 1 is the mean free path; Vis the mean velocity of the molecules; is the 
cross-sectional area of the molecule; n is the concentration. 

-3Under normal conditions (n = 2.7 x lo1' em , T = +m°C)fpz an oxygen
molecule we CZve V = 4 x lo4 cm see-'. Assuming that 0 = 10- cm2,we have 
T C  = 2 X 10- . In the planetary atmospheres, practically always T C  TN, A V C  9 
9 A ~ N .  It can be shown that 

1
Avc  = 2%' 

Consequently, using eq.(1.43) and considering that V = J " T  while P = nkT,m 
we obtain the following, in the case of collisions: 


where P is the pressure; T is the temperature; m is the mass of the molecule. 
Thus, the line width due to collisions is directly proportional to the pressure 
and inversely proportional to the square root of the temperature. In eq.(l.45)
the quantity 0,  known as the optical collision cross section, differs somewhat 
fromthe kinetic cross section. 

The width AVC can be expressed as the width a under normal conditions: 
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where Po, To a r e  the  pressure and temperature under normal conditions. Table 9 
presents t h e  value of 01 i n  cml f o r  various gases. This value depends on t h e  
m t u r e  of t h e  emitting molecule and of the  molecules with which co l l i s ion  occurs. 
Hence, both molecules to which a given value of Q! pertains  must  be specified. 
For example, the  width of the  NH3 line in a mixLure with HZ will be denoted a s  
Q ! N H ~ - H ~. It can be seen f r o m  Table 9 t h a t  t h e  values of cy a r e  c lose to 0.1 cm-' 

AG 
or, expressed i n  wavelength units, M = 7h i r e o ,  approximately 0.1 i n  t h e  
neighborhood of h = 1 LL. V 

TAE3I.E 9 

LINE BROADENING DUE TO COlXJ2JONS 

eo, 0.07[31] 1.4[31,32] 1.17 1321 0.59 1321 
CO 0.131331 1.02-1.OS[32] O.S5[32] 0.641321 
CtI4 0.15 [34] 1.4 [32] 1 [341 0.56 [32]
XI13 0.6 [E] 6 

5 r31i 
1.4 - 3

11.0 0.1 r33i - 
1. 0.043[36] ] - - I - I 

b) Coefficient of absorption i n  a l i ne .  If t h e  broadening i s  not exclusive
l y  produced by attenuation, t h e  frequency dependence of the  l i n e  absorption co
e f f i c i e n t  forms the so-called Lorentz p r o f i l e  

The magnitude of sv which i s  " a 1  when V -, V o  = 0. Here, sv decreases to 
half when v - VO = AVC + A V N *  Integrat ing over t h e  frequency from 0 t o  a, we 
have 

T S " d V = ' .  (1.48)0 

Therefore, t h e  coef f ic ien t  s [cm21 i s  cal led t h e  i n t e g r a l  coeff ic ient  of ab
sorption for a l i ne .  The i n t e g r a l  absorption coef f ic ien t  i s  a function of only 
the  quant i ty  of t h e  absorbing substance, correct  t o  within t h e  mult ipl ier  (1

h v  

- e k T  ) describing forged emission. When hv 9 kT, this mult ip l ie r  i s  negli
g ib ly  small. If T E 300 K, t h e  equal i ty  hv = kT i s  reached f o r  h M 50 Po The 
i n t e g r a l  absorption coef f ic ien t  can be found not only f o r  ind iv idua l  lines but 



a l s o  f o r  an e n t i r e  band. It i s  calculated per gram of matter o r  per  cm a t m  
(see below). The l i n e  widths AVC + AvN often a r e  termed Lorentz widths. 

If at tenuat ion i s  absent, t h e  l i n e  contour i s  determined only by t h e  Dop
p l e r  e f f ec t .  It can be shown tha t ,  i n  t h i s  case, 

s
S" = -

AvD v?e (1.49) 

The dependence s = s ( V ) ,  expressed by eq0(1.49), i s  known as the  Doppler prof i le ,  
while t h e  width A v o  i s  termed t h e  Doppler width. Here, sv decreases e2 times 
when v vg  = av, . 

The combined e f f e c t  of Lorentz and 
T A B U  10 Doppler broadenings produces the  so-called 

Voigt contour 
RELATIVE ROLES OF DOPPLEE AND 
LOREN'TZ BROADENING I N  PLANG 
TARY ATMOSPHERES 

(Cozy v = 600 cm-' ) 

Mays E a r t h  V e n u s  where 
P = 10 mb P = lCO0 mb P = IXGOmb 
T =205" K T =273' IC T = EOG' R 

v -Yo AVC 

I 
i The absorption coeff ic ient  a t  t h e  

center of t h e  Lorentz p r o f i l e  i s  

while a t  t h e  center of t h e  Doppler p r o f i l e  it i s  

For t h e  Voigt contour t h e  relat ionship between sv0 and s i s  more complex, but 
i n  t h i s  case we always have 

The magnitude of t h e  i n t e g r a l  (1 .48)  i s  independent of t h e  nature of t h e  pro
f i le .  A s  pointed out previously, AVC 9 A ~ N .  In t h e  lower atmospheres of t h e  
planets  we  usual ly  have 

A V c  3 ~ V D ,  

a 2 1 .  (1.51) 



I 

6 - \ 
\ 
\ t he  Doppler coeff ic ient  decreases a t  a much 

'5 

c )  Growth c u r ~ g s .  Consider t h e  absorption spectrum of  a plane-parallel Uni
form l aye r  of gas containing N molecules per column of 1em" cross section. Sup
pose t h e  i n t e n s i t y  of t h e  radiat ion penetrating through t h i s  l a y e r  i s  Io i n  t h e  
continuous spectrum and IVi n  the  l i n e  with a frequency V.  Let us designate t h e  
quantity 

as monochromatic absorption (Fig.29). The t o t a l  absorption i n  t h e  l i n e  

i s  termed t h e  equivalent width (dimensions [cm-' 1 o r  [AI). According t o  
eq. (1.22), we have 
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everywhere so that also Rv is s m a l l  everywhere, then b.6 
co 


1V = N 5 s,dv = Ns. 
0 

Thus, the equivalent width of weak lines is directly proportional to the number 

of molecules along the line of sight and to the integral absorption coefficient. 

Such Lines are termed unsaturated. A line may
be considered unsaturated if its Do pler or 
Lorentz width (whichever is greaterP is several 
times greater than the measured equivalent
width. 

Another extreme case occurs if, in the 

central portion of the line, 


-. - N s v > I .  

Fig.29 For Determining Rv. 	 Such lines are known as saturated. It can be 
shown that, for sufficiently high Ns, 

The dependence of W on the product of Ns is designated as the growth curve. 
Knowing s and measuring the W of the unsaturated lines, it becomes possible -
with the aid of the growth curve - to determine the number of molecules N along
the line of sight. In the case of unsurated lines, only the product of NAvc can 
be determined. To find N it is necessary to know not only s but also the Dop
pler width AVc, i.e., the parameter CY, the pressure, and the temperature [cf. 
eq. (1.4.6)j. If W had been measured for both unsaturated and saturated lines of 
some given absorbing gas, we can find separately N and Avc. Since AVC is de

termined by the total pressure in the atmosphere, then, assuming that and T 

are known, it is possible to find not only N but also the total pressure P as 

well as the relative concentration 


where 

NP, = nkT = -kT( I  

is the partial pressure of the absorbing gas (H is the altitude scale; cf. 

Sect.l.6). 


In the region of values of Ns close to unity, the slope of the growth 
curves depends on a. When a 1, the linear and quadratic segments of the growth 
curve are separated by a logarithmic segment over which W increases very little 
with increasing Ns.  If a 1, the linear segment almost immediately becomes 
quadratic (Fig.30). It is essential that, at sufficiently high Ns, the equiva
lent width is independent of AV, even for low values of a. This is due to the 



I I Ill Ill IIIII I1 Ill I I1 I 

f a c t  that, t h e  Lorentz absorption coeff ic ient  decreases with dis tance from t h e  
l i n e  center more slowly than t h e  Doppler coeff ic ient .  

.-.	, 
a7 7 3 4 

Fig.30 Growth Curve of an I so la ted  L i n e  as a Function 
of Different Values of a = AvC/Avo. 

The conditions of formation of absorption lines i n  planetary and stellar 
atmospheres d i f f e r  not only because of t he  d i f f e ren t  r e l a t i v e  ro l e s  played by 
the  Lorentz and Doppler broadenings. Another and more fundamental difference 
l i e s  i n  the  very mechanism ,of l i n e  formation. I n  planetary atmospheres (at any 
ra te ,  i n  t h e i r  lower layers )  t he  l i n e s  form as a consequence of t r u e  absorption: 
Each absorbed quantum transmits  i t s  energy t o  t h e  thermal motion of t h e  mole
cules. The probabi l i ty  of t h e  co l l i s iona l  deact ivat ion of an  excited l e v e l  i s  & 
greater than the  probabi l i ty  of a rad ia t ive  deactivation. In  t h i s  case, t he  ab
sorption will  be 

RY -- 1 - e e - ' V .  

In t h e  stellar atmospheres, t he  inverse process takes place with respect t o  
strong l ines .  Radiative deact ivat ion i s  more l i k e l y  than co l l i s iona l  deactiva
t ion,  and absorption l i n e s  occur owing t o  resonance scat ter ing,  i.e., multiple 
successive t ransradiat ion o r  forward scat ter ing.  In  the  continuous spectrum t h e  
rad ia t ion  of t h e  photosphere f r ee ly  passes through the  ro t a t ing  layer.  In  l i n e  
frequencies, par t  of t h e  quanta i s  scat tered back i n t o  t h e  photosphere. Then, 
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In su f f i c i en t ly  high l aye r s  of t h e  planetary atmospheres resonance sca t te r ing  
a l s o  becomes a major factor .  The l e v e l  above which t r u e  absorption i n  some at
mospheric molecular band ceases t o  be e s sen t i a l  and i s  supplanted wi th  sca t te r 
ing  i s  termed the  l e v e l  of v ibra t iona l  relaxation. For example, the  v ibra t iona l  
re laxa t ion  l e v e l  of t h e  band GO2 h 1 5  )L i n  t h e  e z r t h t s  atmosphere l i e s  a t  t h e  
a l t i t u d e  of about 75 Ism, where the  densi ty  i s  10 times a s  low as a t  t h e  surface. 

d) Absorption i n  bands. In t h e  region h > 1.1P, individual  ro t a t iona l  
l i n e s  cannot be resolved i n  t h e  planetary spectra.  Hence i n  t h i s  case vibra
t ional-rotat ional  bands a r e  recorded such as t o  determine mean absorption which 
(ift h e  ro t a t iona l  l i n e s  do not overlap) w i l l  be 

where WV i s  t h e  equivalent width of t h e  individual  ro t a t iona l  l i n e s  and dv i s  
the  dis tance between the  l i nes .  When W V  e dv, t h e  mean absorption may be small 
even i f  the  ro t a t iona l  l i n e s  a r e  saturated.  

When W V  comes close i n  magnitude t o  dv, t he  overlap becomes considerable. 
To f ind the dependence 

i n  t h i s  case, the  e f fec ts  produced by a l l  l i n e s  contributing a t  the  frequency 
concerned must be summed up. This sumat ion  can be performed numerically, yield
ing  

W = cp (IN,S, Avc) (1.60) 

a s  the  growth curve for t he  e n t i r e  band. ELsasser (Ref.36a) showed tha t ,  i n  & 
an ideal ized band consis t ing of equidis tant  l i n e s  of i d e n t i c a l  in tens i ty ,  t h e  
mean absorption i s  

(1.61) 

2n AVc Ns Lf x = 1.25 and B < 0.3, then eq.(1.61) can bewhere fi = d , x =  2 n A v c '  
rewri t ten i n  a simpler form 

(1.62) 

where g ( x )  i s  the  probabi l i ty  in tegra l ,  $(XI = -z 
e z d t .  If fj > 3 ,  

- 0  
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then we have, f o r  any x, 

For s u f f i c i e n t l y  high values of x, eqo(l.62) s a t i s f a c t o r i l y  describes t h e  'ii func
t i o n  with respect t o  any r a t i o  of AVC t o  d. Since i n  a real  absorption band s 
and d depend on V ,  it may be assumed t h a t  a t  every point absorption i s  described 
by Elsasser's model with i t s  value of s and d, so t h a t  

M' = 5 R,dv. 
Here, it i s  convenient t o  introduce t h e  concept of t h e  generalized absorption 
coeff ic ient  , 

Then, taking eq.(1.46) i n t o  account, we have 

When calculat ing fi, from t h i s  formula, 1, must be  calculated per molecule since 
N i s  t h e  number of absorbing molecules. 

Figure 31 shows t h e  frequency dependence of t h e  generalized cOz absorption 
coeff ic ient  1, calculated f o r  1cm a t m ,  i n  t h e  neighborhood of 1 5  p; several  
strong overlapping absorption bands can be seen. The mean absorption K, re
quired f o r  t h e  u t i l i z a t i o n  of Elsasser's model, can be a l s o  estimated i n  a more 
primitive manner by assuming t h a t  a = const within t h e  confines of t h e  band. /60
Then, 

- TYI < = - ,Av 

where AV i s  t h e  band width specified by one method or  t h e  other. For example, 
f o r  COZ bands (with t h e  a i d  of t h e  specified r o t a t i o n a l  temperature) we  calcu
lated,  within t h e  confines of each branch, t h e  values of A V R  and Avp, i.e., t h e  
distances between t h e  l i n e s  K 1  and Kz which display the  same i n t e n s i t y  and are 
such t h a t  

zw ( K ,  <K <K,) = X I V  ( K )  
2 ' 
-


where W(K)  i s  t h e  equivalent width of t h e  l ine  with t h e  r o t a t i o n a l  quantum num
ber  K. Subsequently, it w a s  assumed t h a t  AV = 2(AwR + Av,). 

Elsasser's model s a t i s f a c t o r i l y  i l l u s t r a t e s  absorption i n  bands with a regu
l a r  r o t a t i o n a l  s t ructure ,  which are cha rac t e r i s t i c  of diatomic and l i n e a r  poly
atomic molecules. The absorption bands with a complex s t ruc tu re  (HzO, CH4, m) 
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are b e t t e r  represented by t h e  Goody s t a t i s t i c a l  model. A detai led analysis of 
t h e  respective advantages of t h e  use of d i f f e ren t  models can be found elsewhere 
(Ref.32, 37). The most r e l i a b l e  are t h e  growth curves obtained experimentally 
by recording spectra i n  t h e  laboratory f o r  a s u f f i c i e n t l y  broad range of values 

of N and P (Ref.16, 32). However, t he  p lo t t i ng  
of laboratory growth curves i s  very laborious 

2.93
7 and time-consuming and, besides, by no means al

ways technical ly  possible. I n  fact ,  a correct 
0 representation of t h e  formative conditions of 

l ines  i n  t h e  planetary atmospheres requires long 
-7 o p t i c a l  paths commensurate with t h e  a l t i t u d e  

scale.  
-2 Thus, t h e  quant i ty  of t h e  absorbing gas 

-3 weak absorption l i n e s  and bands, while t h e  mathe-

-4 
matical product of this quant i ty  and the  Lorentz 
width can be determined from strong l i nes .  If a 
s u f f i c i e n t l y  high resolut ion i s  possible, t h e  

.-7 l i n e  width can be measured d i r ec t ly .  O f  course, 
t h i s  i s  f eas ib l e  only i n  t h e  "photographic" 

along the  l i n e  of s igh t  can be determined from 

Fig.31 Generalized Absorp
t i o n  Coefficient ( fo r  1 cm 

a t m )  of COZ Bands i n  t h e  
Neighborhood of h 15 1L. 
Solid curve - according t o  
(Ref. 36a) ; broken curve -

according t o  (Ref .36b). 

re
gion of t h e  spectrum (A < 11,000A) .  A s  shown 
i n  Table 9, t h e  measurement of l i n e  width re
quires a resolving power of a t  l e a s t  10 . The ,&. 
pressure can be determined f r o m t h e  width of 
weak absorption l ines with t h e  a i d  of eqs.(1.22),
(1.47) and (1.46) [cf. f o r  example (Ref.38)I. 

I n  t h e  upper l aye r s  of t h e  atmosphere, we  
have AV, > Avc; hence, t h e  width of atomic and 
molecular l i n e s  i n  t h e  luminescence spectrum of 

t h e  upper atmosphere i s  determined by the  rate of thermal a g i t a t i o n  r a the r  than 
by pressure. By means of t h e  r e l a t i o n  

(1.66) 

t h e  temperature T can be determined according t o  the  width of these l i nes .  So 
far, this method has been applied only t o  t h e  t e r r e s t r i a l  atmosphere (Ref.39, 40) 
but, i n  pr inciple ,  m y  be use fu l  a l s o  i n  research on t h e  atmospheres of t he  
other planets.  In s t e l l a r  atmospheres, a major port ion of t h e  Doppler width may 
be due t o  turbulence, mass fluxes, and rotation. In t h e  case of planets, t h e  
veloci ty  of  motion cha rac t e r i s t i c  of these processes i s  markedly below t h e  ve
l o c i t y  of thermal motion and- can be disregarded. 

e) Mean a i r  mass. The above f o r m l a s  of quan t i t a t ive  spec t r a l  analysis  are 
su i t ab le  bnly f o r  a descr ipt ion of absorption by a plane-parallel homogeneous 
l aye r  of a gas. A layer of  t h i s  kind can be produced i n  a laboratory spec t r a l  
c e l l .  In  t h e  atmosphere, t h e  gas concentration and pressure change with a l t i 
tude. Moreover, i n  observing another planet from earth,  l i g h t  wi l l  pass twice 
through i ts  atmosphere, and a t  d i f f e r e n t  points  on t h e  disk i t s  angles of inci
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dence and r e f l e c t i o n  w i l l  d i f f e r .  If t h e  atmosphere contains s c a t t e r i n g  par t i 
c l e s  o r  i f  it i s  s u f f i c i e n t l y  dense, a l a rge  p a r t  of t h e  observed emission (and 
sometimes v i r t u a l l y  t h e  entire emission) w i l l  be r e f l ec t ed  by t h e  atmosphere 
r a the r  than by t h e  surface. Lastly, we disregarded t h e  c h a r a c t e r i s t i c  r ad ia t ion  
of t h e  gas, which means t h a t  t h e  above f o r d a s  are su i t ab le  only f o r  t h e  short
wave region of planetary spectra. 

Consider an elementary case where t h e  last two f a c t o r s  - s c a t t e r i n g  and 
cha rac t e r i s t i c  r ad ia t ion  of t h e  planetary atmosphere - can be disregarded. Solar 
radiat ion passes through the  atmosphere, i s  r e f l ec t ed  from t h e  surface, and re
bounds i n t o  outer space. Owing t o  t h e  presence of absorbing molecules, absorp
t i o n  bands appear a t  c e r t a i n  frequencies. We measured t h e i r  equivalent widths 
and, with t h e  a i d  of t he  formulas given above, w e r e  ab le  t o  estimate t h e  quanti
t i es  N and N A U c .  Let us suppose t h a t  we wish t o  ca l cu la t e  t h e  number NO of 
molecules over 1cm2 of surface a t  t h e  zenith as w e l l  as the  t o t a l  pressure a t  
t h e  surface (for  definiteness,  we assume t h a t  ct and T are known). The r a t i o  

-
144 = -N 

No 

i s  termed t h e  mean a i r  mass and depends on t h e  conditions of i l luminat ion of /62
t h e  disk a t  t h e  time of observation. If t h e  observations pe r t a in  t o  t h e  spectrum 
of a small area whose angular dimensions are much smaller than the  dimensions of 
t h e  planetary disk, t h e  a i r  mass w i l l  be 

A4 =sec i +sec z ,  (1.68) 

where e i s  the  angle of incidence and i i s  t h e  angle of r e f l e c t i o n  (between t h e  
beam and the  normal t o  t h e  surface). It i s  assumed t h a t  t h e  sphe r i c i ty  of at
mospheric l aye r s  can be neglected here ( t h i s  assumption i s  j u s t i f i e d  i f  t h e  area 
considered i s  not too close t o  t h e  limb o r  t o  t h e  terminator). Table ll pre
sents  mean a i r  mass values i n  the  f u l l  phase ( e n t i r e  d i s k  illuminated) and i n  
the  90' phase (one quarter of the disk)  fo r  two cases: 1) t he  e n t i r e  d i sk  i s  ac
commodated within t h e  s l i t ;  2) t h e  slit i n t e r s e c t s  t h e  disk along the  equator 
(Ref  .l+l). Concerning the  r e f l e c t i n g  propert ies  of t h e  surface, two extreme as
sumptions can be made: 1) t h e  brightness of t h e  d i s k  i s  proportional t o  cos z ;  
2) the  brightness of t h e  disk i s  i d e n t i c a l  a t  any point on t h e  disk. 

The f igures  i n  Table 11per ta in  t o  unsaturated absorption bands. I n  t h e  
general case, i f  

W w (SNAvc)" 

and if the  brightness of t h e  disk i s  proportional t o  cos z, t h e  mean a i r  mass 
fo r  t h e  narrow equator ia l  b e l t  of a homogeneous disk i n  t h e  f u l l  phase i s  deter
mined from the  r e l a t i o n  

n 12 

S ~ C " Z C O S Z ~ Z  n12 

O x,ag1"= ~ - = cos~- "zdz .  
J c o s z d z  0 
0 



TABLE ll 


MEAN AIR MASSVALUES FOR WEAK ABSORPTION BANDS (m.41) 
-..___

! Ful l  Phase  I -Quarter 

1 const I cos I 1 const 1 cos z I const I cos z I const I cos z 
- .  . .  

~. - .. . 

This integral is expressed by the r-functions /63 

The values of M for several values of n are given in Table 12. The case of 

1 1 

n = -
2 

corresponds to the quadratic segment of the growth curve; n < -2 ’  
to 

1
strong overlapping bands; 1> n > -,

2 
to the transition segment of the grawth 

curve. 

TAl3LE 12 


AIR MASSES AVERAGED OVER THE DIAMETER (REF.16) 

1.00 
0.su 

3.14 
3.00 

0.50 
0.40 

2.87 
2.84 

0.20 
0.10 

2.78 
2 :74 

0.75 2.99 0.33 2.82 0.02 2.21 
0.67 2.96  0.25 2.81 

..- . .  

When n = - for the.integra1light of the entire planet in the full phase,
2 

we have M = 3.56 (homogeneous disk). Grandjean and Goody (Ref.@) erroneously 
applied M = 2.67 to this case. The incorrectness of this value was pointed out 
elsewhere (Ref.31, 43), but Goody (Ref.&) still insisted on it. It is obvious 
that the first authors (Ref.31, 43) were right: 
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-_ -4 
3 

coszsinzdz 
0 

Limb darkening reduces the value of M. In first approximation, M = 3 can be ap
plied in the full phase for each case. 

The effective pressure P, found from a comparison of the quantities N and 
NAwc, is lower than the pressure at the surface 

NAvc = const 7P (2 )  pa (2 )  dz, 
0 

where P(z) is the pressure at the given level, and Pa(z) is the density of the 

absorbing substance at the same level. 


The condition of hydrostatic equilibrium of the atmosphere /6t. 
d P  = -p (2)gds, (1.71) 

where p(z) is the total density of the atmosphere at the level z ,  indicates that 

P a b )  
c does not change with altitude, we haveIf the relative concentration T.= 

cP ' (0 )  - AI'NAvc = const -2g - N Lo,2 (1 72)  

where AWCO is the Lorentz width at the surface. Thus the effective value of Avc 
and P (in an isothermal atmosphere) is half the value at the surface (Ref.45). 

The "atmosphere-centimeter (cm atm) is often used as the unit of measure
ment in analyzing the chemical composition of planetary atmospheres. Not all 
investigators interpret this quantity identically, when expressing the amount of 
some gas in cm atm. In most cases, this refers to the reduced thickness - the 
thickness of a homogeneous layer of gas which, under normal conditions (P = 
= 1 atm, T = 293'K), contains as many molecules as the investigated planetary 
atmosphere. Occasionally, however, instead of in reduced thickness the amount 

of gas which, under normal conditions, gives the same absorption as the observed 

absorption is expressed in cm at" The term Ifequivalentpath" is used in this 
context and also to denote reduced thickness. Below, we will use the term "re
duced thickness!! for the actual number of molecules and the term Ifequivalent
path" for the number of molecules giving equivalent absorption (with formal cor
rection for air mass). 
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I n  t h e  region I ( i n  which i n t r i n s i c  radiat ion predominates over ref lected 
radiat ion) ,  t h e  p r o f i l e  of  t h e  strong absorption band makes it possible t o  de
termine t h e  a l t i t u d e  dependence of temperature, as already pointed out i n  Sec
t i o n  1.2. Obviously, f o r  t h i s  t h e  atmosphere must be op t i ca l ly  th i ck  a t  the'  
l i n e  frequencies concerned. The theory of t h i s  method w a s  developed i n  d e t a i l  
i n  s tud ie s  by Kaplan (Ref.50) and Houghton (Ref.51). 

Section 1 .5  Radi-&tion-Scat ter ing in--Plan&ary Atmospheres 

The conditions of formation of planetary spectra a r e  markedly complicated 
by Rayleigh and aerosol  scat ter ing.  The apparent surfaces of Venus and of t he  
giant  planets a r e  represented by a cloud l aye r  of such densi ty  and constancy a s  
t o  make observation of t h e  t r u e  surface generally impossible. I n  some cases, /65
t h e  top of t h e  cloud layer can be considered a so l id  surface; here, t he  forma
t i o n  of absorption l i n e s  and bands i n  the  atmosphere above t h i s  t op  obeys t h e  
simple l a w s  described i n  Section 1.4. However, such a simplified concept or ten 
proves inconvenient i n  practice.  

The problem of t h e  sca t t e r ing  of l i g h t  by a many-particle system i s  divided 
i n t o  two basic  par ts :  1) sca t t e r ing  by a s ingle  p a r t i c l e ;  2) transport  of radia
t i o n  i n  t h e  sca t t e r ing  medium. If t h e  medium consists of p a r t i c l e s  d i f f e r i n g  
i n  t h e i r  physical propert ies  and s ize ,  then before proceeding from one problem 
t o  t h e  other we must first consider t h e  problem of t h e  sca t t e r ing  of l i g h t  by a 
system of p a r t i c l e s  enclosed within a microvolume. Single-particle s ca t t e r ing  
i s  examined i n  d e t a i l  i n  t h e  monographs by van de H u l s t  (Ref.52) and K.S.Shifrin 
(Ref. 53), while t h e  t ransport  of r ad ia t ion  i n  t h e  sca t t e r ing  medium i s  considered 
i n  books by V.V.Sobolev (Ref.54) and Chandrasekhar (Ref.55) as wel l  as i n  s tud ie s  
by V.A .Ambartsumyan (Ref. 56);'. 

a) Single Scattering. Let us f i rs t  consider s ingle-par t ic le  scattering. 
The sca t t e r ing  process consis ts  i n  t h a t  a quantum incident on a p a r t i c l e  i s  
e i t h e r  backscattered by t h e  p a r t i c l e  o r  forward-scattered i n  some d i r ec t ion  
other than t h e  o r i g i n a l  d i r ec t ion  without a change i n  frequency. The quantum 
incident on t h e  p a r t i c l e  may be not only ref lected but a l s o  absorbed, e i t h e r  by 
t h e  p a r t i c l e  i t s e l f  of by t h e  gas surrounding the  pa r t i c l e .  I n  the  former case 
t h e  absorption occurs a t  t h e  i n s t a n t  of i n t e rac t ion  between t h e  quantum and t h e  
p a r t i c l e  and i n  t h e  l a t t e r  case, i n  t h e  ambient medium following ref lect ion.  

The probabi l i ty  of t h e  r e f l e c t i o n  of t he  quantum i n  a uni tary process (al
bedo of t h e  uni tary s c a t t e r i n g  event) w i l l  be denoted by a. Then t h e  probabi l i ty  
of absorption i s  1- a. When a = 1 (no absorption) t h e  sca t t e r ing  i s  termed 
conservative. The energy of t h e  absorbed quantum i s  converted i n t o  heat and re
radiated i n  t h e  frequencies of thermal emission of t h e  medium. In t h e  case of 
planetary atmospheres, t h e  thermal r ad ia t ion  i s  local ized within t h e  range of 
h 2 3 p so  t h a t  t h e  r ad ia t ion  f i e l d  i n  t h e  region h 5 3 p i s  conditioned only by 
sca t t e r ing  and absorption. 

P
"These monographs are ava i l ab le  only i n  Russian. For more d e t a i l s  consult 
(Ref.65). 



The probabi l i ty  of s ca t t e r ing  i n  a given d i r e c t i o n  depends on t h e  angle y 
between t h e  d i r ec t ion  of incidence and t h e  d i r e c t i o n  of s ca t t e r ing  

d P  = x (cosy) do , (1.73) 

where dw i s  t h e  element of so l id  angle. The function N. (cos Y) i s  termed t h e  /66
sca t t e r ing  ind ica t r ix .  The sum of s ca t t e r ing  p robab i l i t i e s  i n  a l l  t h e  direc
t i o n s  i s  

If t h e  probabi l i ty  i s  independent of direct ion,  then 

x (cos7) = n, (1 74) 

and the  i n d i c a t r i x  i s  termed spherical ,  while t h e  sca t t e r ing  i s  termed %so-
tropic .  I n  r e a l  s ca t t e r ing  media the  spherical  i n d i c a t r i x  i s  absent; it i s  em
ployed only as a convenient mathematical simplification. 

Suppose the  flux of quanta N cm-"sec-' i s  incident on a gas l aye r  having 
t h e  thickness d t .  Clearly, t h e  number of quanta scat tered by t h i s  layer i s  

d N  = -Nodl em-2 sec-I. 

The quant i ty  cr i s  cal led t h e  volume coeff ic ient  of s ca t t e r ing ;  i t s  dimension i s  
cm-'. The sca t t e r ing  coeff ic ient  (or t h e  e f f ec t ive  sca t t e r ing  cross section) 
per p a r t i c l e  i s  

GC, = rL cm2, 

where n i s  t h e  p a r t i c l e  concentration [ ~ m - ~ ] .  Similarly, we introduce t h e  ab
sorption coefficient Cab per p a r t i c l e  and t h e  at tenuat ion (extinction) coef
f i c i e n t  Cex 

Let us a s s m e  t h a t  t h e  geometric cross  sect ion of t h e  p a r t i c l e  i s  

G = nr2. 

Then, t h e  s c a t t e r i n g  effectiveness can be graphically described by t h e  f ac to r  
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i.e., by t h e  r a t i o  of sca t t e r ing  cross sect ion t o  geometric cross section. Simi
l a r l y ,  t h e  eff ic iency f ac to r s  of absorption and ext inct ion a r e  

The sca t t e r ing  theory shows t h a t  t h e  quan t i t i e s  Q,, Qab8 and QOx are func

t i o n s  of t he  r a t i o  -,	r t h e  r e f r a c t i v e  index, and t h e  absorption coeff ic ient  /67A 
of t h e  p a r t i c l e  material. Figure 32 gives an example of t h e  function Q,,,(Z)A /  

calculated fo r  t h e  complex r e f r a c t i v e  index m = 1.a (1 - ik) f o r  various values 
of k. The curve k = 0 corresponds t o  t h e  case of conservative scat ter ing.  The 

2rrrparameter -A i s  plot ted along t h e  abscissa. The ove ra l l  character of t h e  

2n r  
curves Q(7)remains as i n  Fig.32 a l s o  f o r  other  values of t he  complex re

f r a c t i v e  index. When 

E < 1  
h (1.78) 

( the  p a r t i c l e s  being markedly smaller than t h e  wavelength), t h e  f ac to r s  Q,, , Q, 
and Qabe tend t o  zero. For t h e  l imi t ing  case [eq.(l.78)], we have 

The maximum value of Q,, i s  reached a t  

I. =Znr 

A s  t he  p a r t i c l e  s i z e  increases,  t h e  value of Q,, f l uc tua t e s  repeatedly in t h e  
2nr

neighborhood of -
A 

* 1. For high -
A 

t hese  f luctuat ions a r e  damped and2nr 

Q a 3  2, = 2nr2 

when 2;tr 00. 

h 

2 m
Scat ter ing a t  -

A 
1 i s  known as Rayleigh scat ter ing.  The i n d i c a t r i x  

of  Rayleigh scat ter ing,  for t o t a l  intensi ty ,  is 
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Scat ter ing involves polarization. In  t h e  case of Rayleigh scat ter ing,  we 
have 

(1.81) 

where HI i s  t h e  component whose e l e c t r i c  vector i s  a t  r i g h t  angles t o  t h e  source
particle-observer plane; nil i s  t h e  component whose e l e c t r i c  vector i s  p a r a l l e l  

4. 

4 

3 

2 

I 

8 


Fig.32 &tinction Factor Q,, as a Function of Wavelength. 
Complex r e f r ac t ive  index m = 1.29 (1- ik) (Ref.52). 

t o  t h i s  plane. The physical p i c tu re  of occurrence of t h i s  polar izat ion may be /6q 
interpreted as follows: Since t h e  p a r t i c l e  i s  much smaller than the  wavelength, 
t h e  wave causes an in-phase vibrat ion of t h e  electrons,  so t h a t  they form an 
elementary o s c i l l a t i n g  emitter-dipole oriented a t  r i g h t  angles t o  t h e  d i r ec t ion  
of wave propagation. Since t h e  dipole does not r a d i a t e  i n  t h e  d i r ec t ion  i n  which 

T I
i t  i s  oriented, t he  component ~ I Ii s  zero when Y = -. In t h e  equator ia l  plane

2 
t h e  radiat ion of t h e  dipole  i s  independent of t h e  d i r ec t ion  and hence t h e  com
ponent NI = const. The degree of polar izat ion i n  Rayleigh sca t t e r ing  i s  
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A s  the  p a r t i c l e  s i z e  increases the  polar izat ion decreases and the  indica
t r ix  becomes more elongated (Fig.33). It i s  of i n t e r e s t  t h a t  t he  ext inct ion 
cross sect ion fo r  l a rge  pa r t i c l e s  i s  no longer equal to ,  but twice a s  large as 
t h e i r  geometric cross section. T h i s  i s  due t o  the  f a c t  t h a t  t he  at tenuat ion 
here i s  caused not j u s t  by shielding but a l so  by d i f f rac t ion .  

911 


Fig.33 Scat ter ing Indicatr ices .  
a - Rayleigh ind ica t r ix ;  b - Scattering h d i c a t r i x  

2nr
fo r  water droplets  (m = 1.33 and -= 4, 8 ,  15,

h 
30) (Ref 53) 

b) Gaseous Rayleigh scat ter inq.  Until now, we have discussed the  scat ter
ing of l i g h t  by pa r t i c l e s  which, though extremely small, s t i l l  contain a la rge  
number of molecules. Scat ter ing of l i g h t  m y  a l s o  occur i n  a purely gaseous 
medium. Then, three fundamentall d i f fe ren t  e f f ec t s  a r e  observed: 1)resonance 
sca t te r ing  i n  l i n e s  (cf. Sect.1.J; 2 )  combination sca t te r ing  (cf. Sect .l.l);
3) Rayleigh sca t te r ing  a t  f luctuat ions i n  gas density. For a continuous spec
trum, combination sca t te r ing  merely leads t o  an ins igni f icant  red is t r ibu t ion  of 
energies. 

TABLE 13 LE 
REFRACTIVE INDEXES OF GASES UNDERoNORMAL CONDITIONS 

(P  = 1a t m ,  T = 293 K) 

Gas m-1. A=0.566 p ll m-I, A-0.546 tl 
Gas 

For molecular Rayleigh sca t te r ing  



where m is the refractive index of the gas. Table 13 presents the valuzs of 
m - 1 for various gases under normal conditions. The dependence o m  A- ac
counts for the blue color of the cloudless sky. With the aid of a polaroid it 
is readily ascertained tha;, on a cloudless day, the polarization ofthe sky at 
an angular distance y = 90 from the sun is nearly loo%, in accordance with 
eq.(l,82), Substituting in eq.(1.83) the value of (m - 1) for air we have o M 
M cm-l at sea level. 

The total optical thickness of the terrestrial atmosphere with respect to 

molecular Rayleigh scattering is 


T,, = G W  = 10-'.8.10" = 0.08, (1.84)
co 

J n(z)dz 
where H = 0 - is the altitude scale. Here, n(z)  is the concentration of 

n(o> 
molecules at the altitude z and n(0) is the concentration at the surface. Radi
ation from any point source located outside the atmosphere, when observed from 

- 7 o s e c  z
the earth's surface, will be attenuated e times by atmospheric scatter
ing, where z is the zenith distance. The quantity 

p = p o (1.85) 

is called the transmission coefficient. Equation (1.84) gives the optical 
thickness only for molecular Rayleigh scattering. Actually, however, scattering
and absorption by aerosols, as well as - in certain regions of the spectrum -
absorption in molecular bands are just as essential. Consequently, the volume 

coefficient of extinction will be 


a = Q, + Qa +k m  +ka, (1.86) 

where om and oa are the molecular and aerosol scattering factors while km and 
k, are the corresponding absorption coefficients. The total optical thickness 
is 

r0 = uH. 

In the infrared spectrum region (A > 1 p), we have 

Ga >%I 

and, outside the molecular absorption bands, 


CL = G, + ka. 
In the absorption bands for a cloudless atmosphere, we have 


h., >>Ga, 

but in this case the formula 

p = e-' 
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i s  no longer su f f i c i en t ly  representative of observations since, as i n  t h e  case 
of strong non-overlapping lines, the  absorption i s  proportional t o  t h e  square 
root of t h e  a i r  mass (cf. Sect.l.4). In  t h e  v i s i b l e  spectrum region (h  = 
= 0.55 P ) ~t h e  Rayleigh transmission coeff ic ient  of t h e  t e r r e s t r i a l  atmosphere i s  

p = c-O."* = 0.92. 

Actually, observations a t  sea level as a r u l e  ind ica t e  t h a t  p M 0.8. 

c )  Multiple scat ter ing.  An important question i n  t h e  problem of t h e  scat--. . 

t e r i n g  of l i g h t  by p a r t i c l e s  i s  whether t h e i r  alignment i s  ordered. In a crys
ta l ,  where t h e  atoms exist i n  an ordered arrangement, interference by t h e  waves 
scat tered by these atoms l eads  t o  var ia t ions i n  t h e  ve loc i ty  of propagation of 
l i g h t ,  while s ca t t e r ing  in t h e  s t r i c t  sense of t h i s  word i s  absent. Similar ef
f ec t s ,  associated with t h e  regular arrangement of s ca t t e r ing  centers and coher
ence of scat tered l i g h t ,  are termed collective.  In planetary atmospheres these 
effects  a r e  ines sen t i a l .  

Consider a l aye r  of s ca t t e r ing  p a r t i c l e s  having t h e  o p t i c a l  thickness 7 ,  on 
which r ad ia t ion  i s  incident.  How w i l l  t h e  va r i a t ion  i n  T influence t h e  i n t e n s i t y  
of t h e  r ad ia t ion  scat tered by t h i s  layer?  So long as T e 1, it may be assumed 
t h a t  t h e  t o t a l  i n t e n s i t y  of scat tered l i g h t  equals t h e  sum of t h e  i n t e n s i t i e s  
from each pa r t i c l e .  However, as soon as T comes close t o  1, complications s e t  
i n :  a )  The l i g h t  of t h e  external source i s  markedly attenuated with depth; 
b)  	i n  addi t ion t o  t h e  sca t t e r ing  of d i r e c t  l i g h t  from t h e  external  source, sec
ondary s c a t t e r i n g  of t h e  already scat tered l i g h t  occurs. The l a t t e r  e f f ec t  i s  
known as multiple scat ter ing.  When T < 0.1, multiple s ca t t e r ing  hardly a f f e c t s  
t h e  brightness of t h e  s c a t t e r i n g  layer ;  when 0.1< T < 0.3, an allowance must 
be made f o r  second-order scat ter ing,  and when T > 0.3, an allowance must be made 
f o r  higher-order scat ter ing.  

The mean number of successive sca t t e r ing  processes suffered by the  quantum 
before i t  i s  absorbed o r  emerges toward the  outside, i s  known as sca t t e r ing  mul
t i p l i c i t y  f a c t o r  L. I n  an i n f i n i t e l y  extended atmosphere we  have L = a i f  t h e  
sca t t e r ing  i s  conservative. For nonconsemrative scat ter ing,  t h e  mul t ip l i c i ty  
f ac to r  depends on t h e  albedo: 

(1.88) 

1
If a < 2,L < a, higher-order s ca t t e r ing  may be disregarded i n  first approx

imation. 

In  t h e  theory of multiple s ca t t e r ing  of l i g h t ,  two bas i c  problems are dis
tinguished: d i r e c t  and inverse. In t h e  d i r e c t  problem, t h e  specified character
i s t i c s  of t h e  medium 10, k, xy  (Y) which are t h e  propert ies  of t h e  underlying 
surface ( i f  it exists), etc.1 are used f o r  calculat ing the  brightness and polari
zat ion of scat tered l i g h t  as a function of t h e  angles of incidence and reflec
t ion.  In t h e  inverse problem, t h e  cha rac t e r i s t i c s  of r e f l ec t ed  radiat ion must 
be u t i l i z e d  f o r  determining t h e  cha rac t e r i s t i c s  of t h e  medium. In planetary as
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trophysics, the inverse problem is more important than the direct problem, as is 
readily understood. Unfortunately, however, the inverse problem often has no 
unambiguous solution, unless major simplifying constraints are imposed. The 
direct problem has been rigorously solved only with respect to a few simple
models. Nevertheless, in many cases a comparkson of these findings with the ob
servations at least permits a qualitative interpretation of the observed phe

nomena. 


In this connection, an elementary model is represented by a semi-infinite 
homogeneous two-dimensional atmosphere - a medium of constant a bounded by a 
plane surface. Note that the ratio 

does not only depend on the absorbing properties of the particles but also on 

those of the gas medium in which they are submerged. 


For isotropic scattering, such a model will be 


where E = EOp1 is the illumination at the boundary, from the external source (the 
beam being assumed as parallel); C L 1  and PZ are the cosines of the angles of in
cidence and observation, respectively; 'p (CL) is the auxiliary function for which 
tables are given elsewhere (Ref.54, Table 4)and (Ref.55, Table XI). The ratiom 

is known as the brightness coefficient (EO being the illumination of an area 
oriented normal to the incident rays). For a surface reflecting the incident 
radiation uniformly in every direction without absorption, we have 

p = l .  (1.92) 

Such a surface is known as "absolutely white" Lambert surface. 


The nonspherical indicatrix in the scattering theory is usually represented

by an expansion in a series of Legendre polynomials of the first kind 


x (cos y) = X o  +XlP,  (cosy) + X Z P Z  (cos y) + . . ., (1.931 

The more the indicatrix is elongated, the greater will be the number of terms to 

be considered. For the case of an elementary nonspherical indicatrix 


x ( c o s y ) = a ( 1  + x l c o s y ) ,  X l \ < l  (1.94) 
the brightness coefficient is 
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where ($ - $o),is theldifferencein the azimuths of the incident and reflected 
rays; cp8(P), cpl(P), cpl(W) are the auxiliary functions (Ref.54, 56a). In the 
book by Chandrasekhar (Ref.55) the solution in this case is expressed in other 
auxiliary f~mctions. 


u, 

t 

4 a2 

U 

t 'l r ' '  R -4 ,  

Fig.34 Law of Diffuse Reflection by a 

Semi-Infinite Atmosphere at Rayleigh 


Scattering. 
The relation of the brightness coefficients 
PI and PII to the reflection angle is shown 
for an angle of incidence corresponding to 
p 1  = 0.8 in the planes $ = $0 = 0 (left) 

and $ - $0 = -	n (right). The brightness
2 

coefficients PI and PII of light which suf
fered on ly  single scattering (broken curve) 
are also given, as is the total brightness 
coefficient PI + P 11 (Ref.55). 

For Rayleigh scattering, a 

solution of the problem can be 

found elsewhere (Ref.55) This 
author gives the brightness co
efficients for both polarization 
planes PI and p 11, expressed by
certain auxiliary functions as 
in eq.(1.95). The functions 
P(PI, ~ 2 ,Q - $0) have one com
mon property regardless of the 
indicatrix, namely that of being

symmetric with respect to P1 and 

pa .  The points 1 and 2 on the 
planetary disk at which p l ( 1 )  = 
= p a ( 2 )  and P1(2) = ~ ~ ( 1 )are 

known as corresponding points.

Their brightness coefficients 

are the same, and their bright

ness itself is proportional to 

the cosines of the angle of in

cidence. Minnaert showed that 

any homogeneous scattering atmo

sphere or homogeneous scattering

solid surface satisfies this law 

(which is known as the principle

of reciprocity). 


For single scattering with 
an arbitrary indicatrix z (cos Y9 
and a layer of an optical thick
ness of 7 0 ,  the brightness coef
ficient is determined from the 
formula 
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All complex flmctions p(1-11, Pz, !J - $0) tend t o  PO as a -, 0 o r  1-11, 1-12 + 0. 

Figures 34 and 35 give the  functions ~(1-12)calculated f o r  a Rayleigh at- & 
mosphere with selected values of 1-11 and $ - $0. It can be seen from Fig.34 tha t ,  

'4 

Fig.35 Same a s  i n  Fig.34, f o r  1-11= 0.2. 
The findings f o r  s ing le  sca t t e r ing  a r e  not 

included (Ref. 55). 

on tak ing  multiple sca t te r ing  
i n t o  account, t he  t o t a l  i n t e n s i t y  
i s  increased and the  polariza
t i o n  cha rac t e r i s t i c s  of re f lec ted  
rad ia t ion  are qua l i t a t ive ly  
changed. When 1-1 1 = 1-12, singly
sca t te red  rad ia t ion  i s  not polar-

Tr 
ized, whereas when PI - 1 - 1 2 = 2  

- t h i s  rad ia t ion  i s  100% polar
ized. Nultiple sca t te r ing  
causes some (negative) polariza
t i o n  a t  1-11 = 1-12 and sharply re^ 
duces t h e  degree of polar izat ion 

When the  planet i s  i n  i t s  
fill phase, we have 1-11 = 1-12 a t  
any point on the  disk. The l a w  
of limb darkening i s  then ex
pressed by the  formula 

The f'unction pp(p) f o r  cer ta in  simple ind ica t r i ce s  i s  given in F'ig.36. Accord
i n g  t o  Lambert's l a w ,  IJ.P = 0 a t  t h e  limb. From F'ig.36 it can be seen t h a t  scat
t e r ing  by the atmosphere produces a f i n i t e  br ightness  a t  t h e  limb. The l imi t ing  
value i s  determined from eq.(1.96) fo r  1-11 = 1-12 + 0 :  

When t h e  albedo a decreases, limb darkening become l e s s  d i s t inc t .  fi 
For an atmosphere with a f i n i t e  op t i ca l  thickness,  the  brightness coeffi

c ien ts  of reflected and transmitted rad ia t ion  can a l s o  be calculated f o r  a nun
ber  of simple ind ica t r ices .  For i so t ropic  sca t te r ing ,  we have 
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Fig.36 Curves f o r  Darkening of the  Disk toward the Limb 
of a Planet w i t h  a Semi-Infinite Atmosphere, a s  a F'unc
t i o n  of Various Scattering M i c a t r i c e s  f o r  a = 1 (Left)  
and f o r  I so t ropic  Scattering i n  the  Presence of Various 

a (Right) (Ref.64). 
1 and r - Different polarizations i n  the  case of Fhyleigh 

s cattering . 
where cp(v), 4 (p) a r e  a u x i l i a r y  f'unctions [most complete function t ab le s  a r e  
given elsewhere (Ref. 56) 1. Similar re la t ions  have been derived f o r  t he  indica
trix [eq.(1.94)1. Tables by other authors (Ref.57) give approximate values of 
the  auxi l ia ry  functions, permitt ing a calculat ion of P n e g  and P t r  a n  f o r  various 
values of T, a, N 1  with respect t o  some moderately elongated sca t te r ing  indica
trix which s a t i s f i e s  the  r e l a t ion  

5x (cos 7 )sin 7 cos y dy <1.5. (198a 1 

The approximate formulas on which these t ab le s  a r e  based were derived by Ye.G. & 
Yanovitskiy (Ref. 57a). 

The next model i s  t h a t  of an atmosphere of f i n i t e  thickness, bounded a t  t h e  
bottom by the  subjacent surface. According t o  Sobolev (Ref.54) i n  t h i s  case, 
f o r  a Lambert surface (p = const) w i t h  an albedo A s ,  we have 

where p,',, and P [ r a n s  a r e  the  brightness coef f ic ien ts  i n  t h e  absence of an u n d e r  
ly ing  surface; )I,V,  C a r e  the  a w d l i a r y  functions. For an a rb i t r a ry  i n d i c a t r i x  
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s a t i s f y i n g  eqe(1.98a), t h e  approximte values of auxiliary functions are given
i n  other t a b l e s  (Ref.57). For a Rayleigh i n d i c a t r h ,  t h i s  model has been calcu
l a t e d  by Coul'son (Ref.58). 

In  t h e  case of an atmosphere of f i n i t e  o p t i c a l  thickness (Mars), t h e  opti
c a l  thickness T can be determined by comparing t h e  observed dependence of t h e  
brightness coeff ic ients  p (P 1, PZ) with t h e  t h e o r e t i c a l  dependence. Assuming 
t h a t  t h e  sca t t e r ing  i s  due so le ly  t o  t h e  gaseous component of t h e  atmosphere, 
t h e  concentration n of molecules near t h e  surface and t h e  pressure P = nkT can 
be found from eqs. (1.95) and (1.92). T h i s  method of determining the  pressure i s  
termed flphotometricfr. To dis t inguish between t h e  atmospheric and surface com
ponents of brightness, polar izat ion of Rayleigh s c a t t e r i n g  (polar izat ion method) 
may be employed. Polar izat ion accompanying t h e  s c a t t e r i n g  by so l id  materials 
depends on t h e i r  chemical nature, degree of dis integrat ion,  and other factors .  
It may be u t i l i z e d  t o  i d e n t i f y  t h e  mater ia l  of planetary surfaces and p a r t i c l e s  
of t h e  cloud layer,  but t he  r e l i a b i l i t y  of an i d e n t i f i c a t i o n  of t h i s  kind o f t en  
i s  inadequate. 

Obviously, rigorous formulas f o r  t h e  brightness coe f f i c i en t s  have a complex 
form even i n  the  presence of extremely simple s c a t t e r i n g  indicatr ices .  For many 
problems, only approximate ana ly t i c  solut ions can be used. Numerical methods of 
solut ion of rigorous t ransport  equations on high-speed computers a l s o  have been 
developed (Ref .  59, 60) By means of approximate ana ly t i c  and numerical methods, 
t h e  t ransport  problem can be solved even f o r  extremely extended ind ica t r i ce s  
whose representation requires as many as a hundred terms of expansion of Legendre 
polynomials. Ind ica t r i ce s  of t h i s  kind characterize t h e  t e r r e s t r i a l  cloud pa r t i 
cles.  A survey of t h e  basic  findings on t h e  problem of r ad ia t ion  t ransport  i n  
t h e  clouds i s  given elsewhere (Ref.61). In t h e  l i m i t i n g  cases of l a rge  (a 5 0.5) 
and small (a 2 0.8) absorption, one can r e s o r t  t o  t h e  approximate solutions by , 

G.V.Rozenberg (Ref  .62) derived for  any i n d i c a t r i x  on t ak ing  polar izat ion e f f e c t s  
i n t o  account. These solut ions are wr i t t en  i n  t h e  form 

(1.100) 

f o r  small absorption (p 2 0.2), and i n  the  form 

i-q
P: (1,101) 

f o r  l a rge  absorption (P > 2). The solutions (1.100) and (1.101) are derived 
from t h e  following model: A plane homogeneous atmosphere of l a rge  o p t i c a l t h i c k 
ness (T 9 1)consis ts  of s ca t t e r ing  p a r t i c l e s  and an absorbing gas. The r a t i o  
i s  

1i I - - n_ -- p = - = const. 
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A portion of t h e  gas (opt ica l  thickness ~ , , ti n  absorption) i s  above t h e  cloud 
layer.  The atmosphere i s  bounded a t  t h e  bottomby a surface having an albedo of 

7

As y = 7 flyb = 1- + 1, where 7 and 1 a re  constants t h a t  depend on the  type 

of t he  sca t te r ing  matrix; r and r' a r e  the  d i rec t ions  of incidence and sighting. 
The functions h(r';  r), S(r', r) and g(r)  a r e  unknown and a r e  subject t o  experi
mental determination or  calculat ion;  f u  (r', r) i s  t h e  sca t te r ing  i n d i c a t r k .  
There i s  reason t o  bel ieve tha t ,  under r e a l  conditions, t h e  functions h, S, and 
g depend weakly on the  arguments and type of t h e  sca t t e r ing  matrix and a r e  of 
an order of magnitude close t o  Unity. The coef f ic ien ts  Tl and 1 a r e  expressed by 
the  a w d l i a r y  quant i ty  q 

q = 4 l / q ,  1=4q,  

where q = -1 f o r  Rayleigh sca t te r ing  and q = 1.5 f o r  cloud f 2nr 
3 . \  

For extremely weak absorption (7 2/8 < 1 and T < -) eq. (1.100) can be 
simplified t o  72/8  

p (Y',7-)/),= h (v',p') 
1 - /Is (1.10 2)b+-----

For t h e  same case a t  the  surface we have L2p 

1 
A t  7 8  1, T 9 -, t h e  surface i l luminat ion i s  v i r t u a l l y  zero and an 

T l f i  
approximation of a semi-infinite atmosphere i s  real ized 

I f  the  absorption l i n e s  observed i n  t h e  spectrum of the  re f lec ted  so la r  
rad ia t ion  form within t h e  cloud layer ,  then t h e  extent of absorption 

(where p i n  and p o u t  a r e  t h e  brightness coef f ic ien ts  i n s ide  and outside t h e  l i ne ,  
respect ively)  can be used as a c r i t e r i o n  f o r  determining only t h e  parameter B -
t h e  r a t i o  of t h e  absorption coeff ic ient  k t o  t h e  sca t te r ing  coef f ic ien t  0. This  
i s  c l ea r1  i l l u s t r a t e d  by eqs. (1,100) - (l.lO4). I n  a continuous spectrum, 
eq. (1.102y can normally be u t i l i z e d  while eqs. (1.101) o r  (1,104) a r e  applicable 
t o  absorption l ines .  
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In  eq.(l.lO&), the  exponent consis ts  of two par ts .  The first part describes 
absorption within t h e  cloud layer  and the  second pa r t  gives t h a t  above the  cloud 
layer. The gaseous mass above the  cloud layer  i s  determined by t h e  formula 

Twt= Irlk, 

where H i s  the  a l t i t u d e  sca le  (cf. Sect.l.6) and k i s  the  absorption coefficient.  
The p ro f i l e  of the  spec t r a l  l i n e  forming in the  atmosphere containing the cloud 
layer  consis ts  of two pa r t s  whose respective contributions t o  t h e  equivalent 
width depend on the  quant i t ies  H, k, PI, IJ.2, 0 and on the  functions 7 and S. 
Under ce r t a in  conditions (e.g., when CJ + a) t h e  r o l e  of absorption within the  
cloud may become su f f i c i en t ly  minor so t h a t  conventional methods of quant i ta t ive 
spec t ra l  analysis,  as described i n  Section l.4, can be applied. Otherwise t h e  
quant i ty  0 enters  the  growth curve as an independent parameter, and a quantita
t i v e  analysis  becomes highly complicated. 

Note t h a t  a l l  ex is t ing  modifications of t h e  multiple-scattering theory, con
venient f o r  p rac t i ca l  application, presuppose t h a t  the  r a t i o  within the  confines 
of the cloud layer  i s  t o  be 

p = - =IC 
const. (1.106) 

Moreover, t he  surface of the  layer  i s  assumed t o  be smooth (plane o r  spherical) .  
In rea l i t y ,  t he  gas concentration and the  absorption coeff ic ient  k usually de- & 
crease exponentially with a l t i t u d e  and the  surface of the  cloud layer  may have a 
complex structure.  S t r i c t l y  speaking, eq.(1.106) can be applied only i n  the  
case -in which the  thickness of t he  layer,  within which t h e  major portion (e.g., 
80%) of the  re f lec ted  flux forms, i s  markedly smaller than H. In the  case of 
weak absorption (B < l), t h i s  condition apparently i s  not s a t i s f i e d  i n  t h e  plane
t a r y  atmospheres. The inhomogeneities can be disregarded only i f  t h e i r  dimen

sions d l  -.1 This condition a l so  i s  ra ther  improbable i n  r ea l i t y .
0 

I n  the  case of an unresolved molecular band, the  parameter B undergoes con
siderable  var ia t ions  within i t s  confines. The mean absorption can be found by 
a numerical method through averaging the monochromatic values of Rv. T h i s  
problem was examined by ana ly t ic  methods i n  s tudies  by King (Ref.63) f o r  the 
case of i so t ropic  scat ter ing.  

I n  concluding t h i s  Section, l e t  us r e f e r  t o  two surveys [van de H u l s t ,  
(Ref.64) and van de H u l s t  and I d n  (Ref.65)I as the  s t a r t i n g  points  f o r  t h e  
reader who des i res  t o  become more familiar with t h e  problems of t h e  sca t te r ing  
of l i g h t  i n  planetary atmospheres. Detailed bibliographies a r e  given i n  these 
surveys 

Section 1.6 F’hot0metr.y 

The elementary photometric charac te r i s t ic  of a planet i s  i t s  s t e l l a r  magni
tude. Various invest igators  measured the  s t e l l a r  magnitudes of t h e  planets by 
means of v i sua l  and photographic methods, but t h e  most accurate results a r e  ob
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ta ined by photoelectr ic  observations. Observations of t h i s  kind a r e  performed 
with the  a i d  of electrophotometers, with comparison stars being used a s  t h e  
photometric standards. Ektensive mater ia l  on i n t e g r a l  photometry and colori
metry of p lane ts  and s a t e l l i t e s ,  l a rge ly  based on o r ig ina l  photoelectric observa
t ions ,  i s  presented i n  a survey by Harris (Ref.66). 

The i n t e g r a l  s t e l l a r  magnitude of a planet var ies  i n  time owing t o  varia
t i ons  i n  t h e  phase angle, dis tance from sun and earth,  ro ta t ion  of t h e  planet, 
and ef fec ts  on i t s  surface. If the  last two fac to r s  are disregarded, t he  ob
servable s t e l l a r  magnitude i s  

V = V (1, 0) -+ 5kgr.d $- A m  (cp) ,  (1.107) 

where r i s  the  dis tance f r o m t h e  planet t o  t h e  sun; d i s  the  dis tance f romthe  
planet t o  t h e  ear th;  V(1, 0) i s  t h e  s t e l l a r  magnitude of t h e  planet  f o r  r = d = 
= 1astronomical un i t  and cp = 0; cp i s  t h e  phase angle, i.e., t h e  sun-planet-earth 
angle; Am(cp) i s  the  var ia t ion  i n  s t e l l a r  ma nitude as a function of t h e  phase /81
angle. The presence of t he  correct ion h(cp7 i s  due t o  two causes: First, the  
phase angle determines which par t  of t h e  d isk  i s  illuminated and, second, t h e  
d i f fuse  r e f l ec t ion  of l i g h t  by t h e  planet 's  surface depends on the  angles of in
cidence and ref lect ion.  For our fur ther  reasoning, it i s  convenient t o  employ 
the  phase function, determined on the  sca le  of i l lumination: 

f (cp) = 10- 0.4A.m (vp) (1,108) 

Knowing the  s t e l l a r  magnitude V(1, 0) of t h e  planet  and t h e  phase f'unction, 
it i s  possible t o  calculate  t h e  spherical  albedo 

0
& = - ,  
0 0  

where $0 i s  the  f lux  incident  on the  planet;  @ i s  t h e  flux ref lec ted  i n  every 
direct ion,  while the geometric albedo i s  

where Eo i s  the  i l luminat ion of t h e  ear th  by t h e  planet i n  full phase; EL i s  t h e  
i l lumination t h a t  would be produced on ear th  by a plane absolutely white bm
ber t ian  screen of the  sane diameter as the  planet, located i n  place of t he  
planet. Obviously, a t  r = d = 1a.u., t he  i l luminat ion of t h e  ear th  would be 

E ( ! .  3) = p E  I - P%in,02 = PE, (1) pi, (1.ll1) 

where p 1  i s  t h e  angular radius  of t he  planet f o r  d = 1, and Ea( l )  i s  t h e  so la r  
constant 

For other  phase angles a t  d = 1a.~ . ,  we have 

E (1. ~ p )= pE,  (1) P:f ('PI- (1.ll2) 
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Let us now determine t h e  spherical  albedo. To t h i s  end, l e t  u s  imagine 
t h a t  t h e  planet i s  surrounded by a sphere having a radius  of 1a . ~ . ,  l e t  us iso
l a t e  - on t h i s  sphere - a s t r i p  enclosed between cones of  angles cp and cp -I-dcp, 
then calculate  t h e  flux incident  on t h i s  b e l t .  The i 1 l u ” t i o n  of t h e  sphere 
is  given by eq . ( l , l l 2 )  and i s  constant w i t h i n  t h e  above be l t .  The area of  t h e  
b e l t  i s  

S = 2nsincpdcp 

Integrat ing over t h e  e n t i r e  sphere, we f ind  /82 

l-r 

where Q = 2 f(cp) s i n  cpdcp. The quantity Q i s  designated as phase integral. 
0 

The geometric albedo can be determined f o r  any planet or sa te l l i t e  

209P = 0. 4 [V ,  -v (1,0)1 -2109 p1, (1 1141 
where Vo i s  the  s te l lar  magnitude of t h e  sun. Equation (l.ll4) i s  derived from 
eq . ( l . l l l )  by means of elementary transformations. It i s  by no means always 
possible t o  determine the  phase i n t e g r a l  from observations. Its calculat ion re
quires knowing the  function f(cp) f o r  any phase angle; t h i s  function can be cal
culated on the  b a s i s  of gram$ observation onlg f o r  t h e  Moon, Mercury, and Venus. 
The maxim hase angle i s  47 f o r  Mars and 12  f o r  Jupi ter .  I n  such cases, t he  
function f (cpp i s  extrapolated by analogy with other observational or t h e o r e t i c a l  
phase functions. For Mars, t h e  estimate can be made by means of EEussellTs em
p i r i c a l  rule who found tha t ,  f o r  a l l  known observational and theo re t i ca l  curves, 

e = 2.2f (50”). 

However, even such an estimate cannot be made f o r  t he  Jovian planets;  f o r  these, 
t h e  phase function of an or thotropical ly  sca t t e r ing  sphere i s  of ten employed 

Q = 1.50. 

The calculat ion of t h e  equilibrium temperature of a planet (Sect.l.2) re
quires  knowing the  i n t e g r a l  albedo 
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(1.116) 


where E, i s  t h e  i l luminat ion of an area perpendicular t o  t h e  s o l a r  rays a t  t h e  
top  of t h e  planetary atmosphere. 

For a planet lacking an atmosphere, t he  quan t i t i e s  p, Q, f ( y )  depend sole-& 
l y  on t h e  o p t i c a l  propert ies  of t h e  surface; i f  the re  i s  a n  atmosphere, it a l s o  
a f f e c t s  these quant i t ies .  If t h e  planet has a very dense atmosphere, i t s  inte
g r a l  o p t i c a l  propert ies  will be determined by t h e  atmosphere alone. On t h e  
bas i s  of t h e  theory of multiple s ca t t e r ing  of l i g h t  it is  possible t o  calculate  
p, Q, and f (y )  f o r  various T, sca t t e r ing  indicatr ices ,  and single-scattering 
albedos (cy. preceding Section) and t o  compare t h e  findings with observations; 
as a rule,  t h i s  involves an excessive number of unknowns. The brightness dis
t r i b u t i o n  over t h e  disk a t  various phase angles may provide subs t an t i a l  addi
t i o n a l  information, but normally it i s  g rea t ly  d i s to r t ed  by instrument e r ro r s  
(vibration, s ca t t e r ing  of l i g h t  i n  t h e  instrument, etc.). Photometry of plane
t a r y  disks  and i t s  in t e rp re t a t ion  has been studied i n  d e t a i l  by N.P.Barabashev 
and coworkers (Ref .6). 

The spherical  albedo of a semi-infinite atmosphere a t  a moderately drawn-
out indicatr ix ,  s a t i s f y i n g  t h e  condition (1.98a), i s  equal t o  

(see Ref.57a). When x1 = 0, t h i s  y i e lds  a simpler formula 

which i s  va l id  f o r  i s o t r o p i c  scat ter ing.  

By analogy with t h e  spherical  albedo, one can introduce t h e  concept of t h e  
albedo of a plane area 

where E(P1) i s  t h e  i l luminat ion produced by a p a r a l l e l  beam incident  a t  a n  angle 
1-11 t o  t h e  normal; 10 i s  t h e  flux of scat tered radiation. A t  a spherical  s ca t t e r 
i n g  ind ica t r ix ,  t h e  l l f l a t r r  albedo of a semi-infinite medium i s  equal t o  
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For t h e  sca t te r ing  ind ica t r ix  1 * COS y, we have 

(see Ref.54). A t  a = 1, we always have A and A' = 1. With increasing elonga
t i o n  of t he  ind ica t r ix  fo r  a given a < 1, the  quant i t ies  A and A' decrease. 

Section 1.7 Certain Problems of t he  Structure of P h n e t a r y  Atmosph-ers & 
a) Barometric formula. A column of  gas of thickness dz and cross-sectional 

area of 1cm2 has a weight of pg dz, where p i s  the  densi ty  of the  gas, 

p = nimi = izin. 

Here, ni i s  the numerical concentration of molecules of molecular weight mi;  n 
i s  the  t o t a l  concentration; m i s  t h e  mean molecular weight. The weight of an 
element of volume i s  compensated by the  pressure difference 

~ 6 d z=; - d P .  

The equation of s t a t e  of an i d e a l  gas P = nkT permits integrat ion of t h i s  rela
t ion.  In  general, temperature, accelerat ion due t o  gravity,  and mean molecular 
weight a r e  functions of t he  a l t i t u d e  

T = T (z), 
6 = g ( z ) ,  

in = m ( z )  

and 

where PI i s  the surface pressure; H(z) = -	kT 
i s  t h e  l o c a l  a l t i t u d e  scale  o r  the  

mg 
a l t i t u d e  of a homogeneous atmosphere. T h i s  formula i s  known as the barometric 
formula. I f  m, g, and T a r e  independent of a l t i t ude ,  then 

I n  t h e  t e r r e s t r i a l  atmosphere, H = 8 x lo5 cm a t  sea level .  In the  laver  layers  
of the  atmosphere (z R1, where R 1  i s  the  radius of t he  planet)  we have g = 
= const and, as a rule,  m = const. Only T changes markedly with a l t i tude .  In 
t h e  upper layers  of the  atmosphere a l l  th ree  basic  quant i t ies  T, my and g vary 
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with a l t i tude .  If t h e  a l t i t u d e  scale  changes with a l t i t u d e  according t o  t h e  
l i nea r  l a w  

then eq. (1.118) yie lds  /85 

(1.122) 

I n  the  same way, 

Lf T = const and m = const i n  t h e  atmosphere and i f  the  var ia t ion  i n  H i s  
due only t o  the  var ia t ion  i n  g with a l t i t ude ,  then t h e  barometric formula be
comes 

where R1 i s  the  radius of the  planet;  R = R1 + z; H1 i s  t h e  a l t i t u d e  sca le  a t  
t he  surface. This formula i s  no longer va l id  a s  soon a s  the  values of R become 
extremely large,  s ince t h e  densi ty  calculated from t h i s  formula does not diminish 
t o  zero a s  R + 03. If an allowance i s  made fo r  t he  in te rac t ion  between the  gase
ous masses themselves (according t o  m e ) ,  a more accurate r e l a t ion  i s  derived: 

(1.12%) 


The a l t i t u d e s  a t  which the  difference between n determined from eqo(1,122a) and 
n determined from eq.(l0122b) becomes appreciable a r e  normally so high t h a t  t he  
molecules suf fer  p rac t i ca l ly  no co l l i s ions  and t he  hydrostat ic  equilibrium, on 
which the above r e l a t ions  a r e  based, hardly e x i s t s  there. Nevertheless, it carr 
be shown tha t ,  i n  t h e  absence of d i ss ipa t ion  (see below), these r e l a t ions  w i l l  
be val id  i n  t h i s  region provided tha t  t h e  molecular ve loc i ty  d i s t r ibu t ion  remains 
Maxwellian. 

Let us b r i e f l y  consider t he  f ac to r s  influencing t h e  dependence m = m(z), 
So long as the  r e l a t i v e  concentration of t h e  various consti tuent gases of t he  at
mosphere and the  mean molecular weight remain unchanged, t h e  p a r t i a l  pressure of 
various kinds of molecules w i l l  show the  same pa t t e rn  of var ia t ion.  A change i n  
mean molecular weight may be caused by two factors :  diffusion, which tends t o  
es tab l i sh  a separate barometric d i s t r ibu t ion  f o r  every individual  component 
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and dissociation of molecules. 


At sufficiently high velocity of back reaction, the dissociation is a p  /86
preciable only at altitudes at which 

where s is the dissociation cross section of molecules of a concentration ni. 
Takisg s = 1O-l' cm2 (cf. Fig.16) as the typicalsquantity and assuming that H = 
= 10 em, we have ni = cm-3 which is 3 X 10 times lower than at the earth's 
surface. For example, for 0, molecules, this concentration is reached in the 
atmosphere at an altitude of 100 km. 

The onset of diffusion equilibrium is counteracted by the process of mass 
mixing. The rate of mass motion in the atmosphere varies from several meters to 
tens of3meters perlsecond. Assuming that the mean velocity of mass motion is-
vs =.lo cm sec ,the effective mixing t h e  at the earth's surface w i l l  be 

t ,  = -$1 l o 3  sec. 
ys 

If the time of establishment of diffusion equilibrium is determined in the same 

manner as the time used by a particle to travel a distance equal to the altitude 

scale, then 


This is the well-known formula of Brownian movement derived by Einstein. Here D 

is the diffusion coefficient: 


where V is the mean velocity of the molecules; dmlZsthe effective diameter; n 
is the cycentration. At seaolevel, n = 2.7 X 10 ~ m - ~ .For Oz, we have V = 
= 4 X 10 cm sec at T = 300 K, nd2= 5 X lo-'' cm2, whence at the sea level in 
the terrestrial atmosphere we have 

Therefore, in the lower layers of the atmosphere, we have 


t, tl ,  (1.126 ) 
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and mixing processes predominate over d i f fus ive  separation. Here, t h e  state of 
t o t a l  mixing f o r  which m(z) =-$onst sets in. However, t D rapidly decreases with 
a l t i t ude ,  and f o r  n 10l1 cm t h e  cha rac t e r i s t i c  times become equal. I n  the '&  
terrestrial atmosphere, t h i s  concentration corresponds t o  t h e  a l t i t u d e  z = 130 Ism. 
A more rigorous analysis of t he  problem of d i f fus ive  separation i s  carr ied out 
with t h e  a i d  of t he  d i f fus ion  equation [cf. f o r  example (Ref.67)l; t h i s  i s  a 
means of determining t h e  concentration d i s t r i b u t i o n  of various components over 
t he  a l t i t ude ,  i n  the  t r a n s i t i o n  zone. 

By means of t h e  barometric formula, T(z) can be determined i f  t h e  a l t i t u d e  
dependence of densi ty  and t h e  molecular weight are known. Conversely, knowing 
t h e  a l t i t u d e  sca l e  and T, it i s  possible t o  estimate m. There ex i s t  two known 
methods of determining n(z) a t  high a l t i t u d e s  on t h e  bas i s  of o p t i c a l  observa
tions:  1)according t o  t h e  brightness of tw i l igh t  airglow; 2) according t o  t h e  
ext inct ion of a star during i t s  occultation. A t  twi l ight ,  t h e  sun il luminates 
t h e  upper l aye r s  of t h e  atmosphere. The f a r t h e r  f r o m t h e  terminator t h e  higher 
w i l l  be t h e  boundary of t h e  shadow. If only f i rs t -order  s ca t t e r ing  i s  taken in
t o  account, t h e  brightness of t h e  scat tered l i g h t  becomes 

00 


B (z) mt = 5 n (2)C,dz, 
:o 

where Ce i s  t h e  Rayleigh sca t t e r ing  coeff ic ient ,  and zg i s  t h e  a l t i t u d e  of t h e  
lower boundary of t h e  illuminated zone. Obviously, n(z) can be r ead i ly  deter
mined by measuring the  brightness B(z). The chief e r ro r  involved i n  t h i s  method 
i s  due t o  t h e  share of t h e  aerosol component i n  B(z), since t h i s  component re
mains f a i r l y  high even a t  a l t i t u d e s  of 100 - 150 km. For observation of other 
planets from t h e  earth 's  surface, t h e  tw i l igh t  method produces no r e l i a b l e  re
sults owing t o  t h e  sca t t e r ing  of l i g h t  from t h e  day portion of t h e  planetary 
disk i n  t h e  instrument. However, it may produce some r e s u l t s  when used with on-
board instruments of space vehicles, provided t h a t  s teps  a r e  taken t o  exclude 
noise from t h e  illuminated portion of t h e  disk. 

The second method i s  highly e f f ec t ive  f o r  ground-based observations (Ref .68, 
6 9 ) .  When a s tar  approaches t h e  l i m b  of a planetary disk, i t s  l i g h t  s tar ts  be
ing  attenuated. This a t tenuat ion i s  not caused by sca t t e r ing  (T i s  s t i l l  too  
l o w  a t  t h e  time t h e  at tenuat ion i s  observed) but by refraction: The l i g h t  beam 
from t h e  s tar  no longer w i l l  be p a r a l l e l  (Fig.37). A quant i ta t ive examination 
shows t h a t  then t h e  a l t i t u d e  scale  i s  

(1.127) 

where -	E i s  t h e  decrease i n  i l lumination; -dY i s  t h e  veloci ty  of motion i nEu d t  
t h e  plane y (see Fig.37); t o  i s  t h e  i n s t a n t  of i n t e r sec t ion  of t h e  x-axis by t h e  
star;  t i s  t h e  i n s t a n t  of observation; f i s  some known function (Ref.3). Along 
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with the  a l t i t u d e  scale,  t h e  absolute densi ty  values of t h e  atmosphere are de- /88
termined. For planets such as Venus and Jupi ter ,  d i s t i n c t  a t tenuat ion takes  
place already a t  dens i t i e s  of t h e  order of 1013 - 1014 ~ m - ~ .  

The densi ty  of t h e  t e r r e s t r i a l  
atmosphere i n  i t s  upper layers i s  

Rk  kg current ly  determined by d i r e c t  
I I 	 methods:. a )  from t h e  r e t a rda t ion  

of a r t i f i c i a l  sa te l l i tes  (up t o  an 
a l t i t u d e  of - 1800 km) and b) from 
d i r e c t  measurement with manometers 
(up t o  a n  a l t i t u d e  of - 500 km). 
I n  time, t h e  launching of arti

*X f i c i a l  s a t e l l i t e s  i n t o  t h e  atmo-
I spheres of t h e  other planets  w i l l  

permit t h e  use of d i r e c t  methods 
Fig.37 Course of Light Rays Responsible f o r  t h e  study of t h e i r  s t ructure;  
fo r  t h e  Gadual  Attenuation of t h e  Bright- however, f o r  t h e  immediate fu tu re  
ness of a Star  during i t s  Occultation by a o p t i c a l  methods will r e t a i n  t h e i r  

Planet. supremacy. 

If t h e  chemical composition 
of t h e  atmosphere, t h e  t o t a l  pressure a t  t h e  surface, t h e  surface albedo, and 
t h e  absolute energy d i s t r i b u t i o n  i n  t h e  so l a r  spectrum a r e  a l l  known, then t h e  
v e r t i c a l  s t ruc tu re  of t h e  atmosphere (dependence of T, n, P, m on z )  can be cal
culated i n  theory, on t h e  bas i s  of  solving t he  equation of heat balance from 
which t h e  T(z)  dependence i s  found: 

dl/s., (1.128)
d t 

where -	dQ i s  t h e  t o t a l  amount of heat received i n  Unit time by an element of
d t  

dq8.r
volume of t h e  atmosphere; -i s  t h e  heat i n f l u x  due t o  solar radiation;

d t  
dqrJ.r-i s  t h e  heat i n f l u x  due t o  planetary radiat ion (radiat ive exchange of heat 

d t  d%.c
with t h e  surface and the  adjoining elements of  t h e  atmosphere); -

d t  
i s  t h e  

heat i n f lux  due t o  heat conduction; -	dqc 
i s  t h e  heat influx due t o  convection. 

d t  
I n  t h e  presence of thermal equilibrium, /ss 

I n  r ea l i t y ,  two o r  th ree  terms of eq.(1.123) predominate a t  every given a l t i t u d e  
while t he  other terms can be neglected. Problems of t h e  heat balance of t h e  
t e r r e s t r i a l  atmosphere have been considered i n  d e t a i l  by K.Ya.Kondrat’yev 
(Ref.70, 71). Fkamples of calculat ion f o r  t h e  atmospheres of t h e  other  planets  
w i l l  be given i n  t h e  following Chapters. 
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b )  Dissipat iog -of t h e  atmosphere. The a l t i t u d e  at. which t h e  mean fPee path 
equals the a l t i t u d e  sca l e  1 = H, %.e., 

i s  known as the  c r i t i c a l  level zc .  I n  $he upper l aye r s  of t h e  t e r r e s t r i a l  at
mosphere (z > 300 km), we have T M 1500 K in t h e  years of  peak s o l a r  a c t i v i t y  
(Ref. 72). Then t h e  densi ty  a t  t h e  c r i t i c a l  level ,  using m = 16 (atomic oxygen), 
will be 

Such a densi ty  i s  reached a t  an a l t i t u d e  of 500 km. Molecules and atoms moving 
toward the  outside i n  t h e  region of t h e  c r i t i c a l  l e v e l  emerge f r o m t h i s  l e v e l  
and subsequently travel along a b a l l i s t i c  t r a j e c t o r y  without undergoing co l l i 
sions. If t h e  ve loc i ty  i s  l e s s  than parabolic 

t h e  o rb i t  w i l l  be e l l i p t i c a l  and t h e  molecule w i l l  r e tu rn  t o  t h e  atmosphere. If 
t h e  veloci ty  i s  greater  than parabolic, t h e  molecule w i l l  t o t a l l y  escape from 
the  atmosphere. A t  any temperature the re  exists a number of molecules whose ve
l o c i t y  exceeds V,. 

Thus, t h e  atmosphere i s  gradually scat tered i n t o  outer space, due t o  t h e  
escape of molecules exis t ing a t  t h e  c r i t i c a l  l eve l .  This process i s  known as 
d i s s ipa t ion  of t h e  atmosphere. The t o t a l  f l u x  of p a r t i c l e s  i s  equal t o  

(1132 

where P(V) i s  the  I%xwellian veloci ty  d i s t r i b u t i o n  of t h e  molecules. The co- @ 

e f f i c i e n t  -I ("geometric factorI1) allows f o r  t h e  outward t r a v e l  of one ha l f  of
4 

t h e  molecules and the  inward t r a v e l  of t h e  other ha l f  and f o r  t h e  f a c t  t h a t  t h e  
mean d i r ec t ion  of t h e  outward-moving molecules i s  not a t  r i g h t  angles t o  t h e  
surface of t he  c r i t i c a l  level .  Integrat ion gives 

where Xc = -	3 -v3 - R C  , c =  JT-. kTc 
2 c H c  

-
m 

i s  t h e  mean-square veloci ty;  Hc = 
mgc 
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kT,R:-
YMm 

i s  t h e  a l t i t u d e  scale  a t  t h e  c r i t i c a l  l eve l ;  R, = R1 + zc i s  t h e  radi

u s  of t h e  c r i t i c a l  level .  

I n  a l l ,  t h e  atmosphere, i n  un i t  time, l o s e s  4nR:N molecules o r  atoms of 
mass m. If t h e  a l t i t u d e  sca l e  H a t  t h e  ground surface, t h e  radius R, o f t h e  

nc
c r i t i c a l  level,  and t h e  r a t i o  -

n l  
= OC of densi ty  a t  t h e  c r i t i c a l  l e v e l  t o  t h e  

dens i ty  a t  t h e  ground surface remain constant, then, as i s  r ead i ly  seen, 
eq.(l.l33) W i l l  y i e ld  

t 

7z1 = n,,e L o ,  

where 

i s  the  time of decrease i n  the  amount of a given gas i n  t h e  atmosphere by a fac
t o r  of e (Itlifetime of t h e  atmospheric consti tuentr1).  If T = Tc and m = m, 
throughout t h e  atmosphere, then gcHc = glHl and, according t o  eq.(le122a), CY = 

= e 
x c ‘X 

1 where XI = -.R i  In  such an isothermal atmosphere t h e  l i f e t ime  i s  
equal t o  H 1  

if R, w R 1  and XI 3 1. This formula gives a rough estimate of t h e  l i f e t ime  even 
if the re  i s  very l i t t l e  information on atmospheric parameters. For t h e  atmo
spheres of t h e  planets  i n  t h e  t e r r e s t r i a l  group it y ie lds  below-par estimates, 
s ince - so  far  as can be determined a t  present - t h e  temperature i n  these atmo
spheres i s  higher a t  t h e  c r i t i c a l  l e v e l  than i n  t h e  lower l aye r s  of t h e  atmo
sphere. Moreover, t he  formula i s  inapplicable f o r  law t o  when the  r a t e  of d i f 
fusion from t h e  bottom r e s t r i c t s  t h e  concentration a t  t h e  c r i t i c a l  l e v e l  so t h a t  
it no longer s a t i s f i e s  eq. (1.122a). 

t o
Spi tzer  (Ref.4) introduced t h e  correction f ac to r s  B = 7whose magni tudem 

t o  
depends on thee rea l  d i s t r i b u t i o n  pa t t e rn  of H(z) i n  a given atmosphere. These 
f ac to r s  a r e  10 - lo7 f o r  t h e  earth’s atmosphere. The Spi tzer  coeff ic ients  were 
introduced f o r  i l l u s t r a t i v e  purposes, i n  order t o  show t h a t  eq.(1.135a) may lead 
t o  an e r r o r  of several  orders of magnitude. Generally, however, t h e  rate of dis
s ipa t ion  of atmospheric gases i s  qu i t e  accurately estimated d i r e c t l y  from equa
t i o n  (1.135). 

For oxygen i n  t h e  	t e r r e s t r i a l  atmosphere (R, = 6920 km, H, = 110 km), we 
M 2 X lo1’, whence, according t o  eq.(1.134),have, fo r  example, 1/QI 

t - - .1 - 102 YaQPS. 
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Thus the  amount of oyygen present i n  the9earthts  atmosphere could not markedly
diminish over cosmogonic periods (5 X 10 years) For hydrogen, t h i s  calcula
t i o n  yields  about lo2 years. Hence hydrogen i s  being l o s t  by t h e  t e r r e s t r i a l  
atmosphere a t  an extremely rapid rate. 

It i s  c l e a r  f r o m t h e s e  examples t h a t  d i s s ipa t ion  must be a major process, 
regulating t h e  composition of planetary atmospheres . However, t he  above theory 
must be approached with caution and i s  applicable only i f  t h e  atmosphere does 
not receive new molecules t h a t  might compensate f o r  t h e  l o s t  molecules. I n  t h e  
earth 's  atmosphere above 1800 km t h e  p r inc ipa l  const i tuents  are hydrogen and 
helium. Their amount generally does not diminish i n  time, s ince t h e  dissocia
t i o n  of HzO continually compensates f o r  t h e  loss  of hydrogen while radioactive 
decay i n  t h e  earth 's  c rus t  compensates f o r  t h e  l o s s  of helium. 

The region of t h e  atmosphere above t h e  c r i t i c a l  level i s  known as t h e  exo
sphere. The densi ty  d i s t r i b u t i o n  n(z) i n  t h e  exosphere i n  t h e  presence of dis
s ipa t ion  can be determined f r o m t h e  o r b i t  and veloci ty  d i s t r i b u t i o n  of t h e  atoms 
leaving the  c r i t i c a l  l e v e l  [see, f o r  example (Ref.73, 74)1. 

c )  General ci.rcul.ation of t h e  atmosphere. The v e r t i c a l  s t ruc tu re  of t h e  
atmosphere d i f f e r s  a t  various points on t h e  planet. On t h e  night side, t he re  i s  
no heating by s o l a r  r ad ia t ion  and, as a rule,  t he  mean night temperature a t  
every l e v e l  i s  below t h e  daytime temperature and t h e  concentration a t  t h e  higher 
a l t i t u d e s  decreases a t  night. In t h e  t e r r e s t r i a l  atmosphere t h i s  e f f e c t  plays 
an e s s e n t i a l  r o l e  above 100 km. In  t h e  polar regions t h e  a l t i t u d e  sca l e  i s  
lower than i n  t h e  equator ia l  regions. If t h e  planet rotates ,  t he  thermal equi
librium can be considered as being of  t h e  steady-state type only when averaged i n  
time. I n  daytime, we have dQ/dt > 0 and a t  night dQ/dt < 0. The atmosphere re
duces the  temperature difference between the  night and-day s ides  of t h e  planet 
as w e l l  as between t h e  polar  and equator ia l  regions. If t h e  planet r o t a t e s  ,&
rapidly (Earth, Mars, Jovian planets)  , t h e  f'undamental mechanism smoothing out 
t h e  temperature difference between day and night i s  correlated with t h e  spec i f i c  
heat of t h e  atmosphere. I n  daytime t h e  atmosphere becomes heated, while a t  
night it releases  i t s  heat t o  t h e  subjacent surface. 

Equilibration of temperature between equator and poles i s  accomplished by 
another process, namely c i r cu la t ion  of t h e  atmosphere. Air i s  heated a t  t h e  
equator, ascends, t r a v e l s  toward t h e  poles and, on becoming cooled there ,  de
scends again. The r e t u r n  current t r a v e l s  close t o  t h e  surface from t h e  pole t o  
t h e  equator. Coriol is  forces  d e f l e c t  t h i s  current from t h e  meridional direct ion.  
If t h e  heating a t  t h e  equator is  limited,  t h e  d i r ec t ion  of t h e  current i s  as 
s h m  i n  F'ig.38 t o  t h e  left .  Such a regime of c i r cu la t ion  of t h e  atmosphere i s  
termed symmetric o r  Hadleyan. If t h e  heating a t  t h e  equator and the  cooling a t  
t h e  poles increases,  t h e  t ransport  of heat will a l s o  increase. Symmetric circu
l a t i o n  i s  ab le  t o  t ransport  only a l imited amount of energy. Given a suff ic ient
l y  strong heating, t h e  symmetric regime of c i r cu la t ion  i s  supplanted by a more 
powerful regime, known as t h e  wave regime (Fig.38, r i gh t ) .  

On t h e  earth,  c i r cu la t ion  i s  determined by t h e  wave regime. On Mars, ac
cording t o  calculat ions by Mjntz (Ref.75), a symmetric regime may be expected i n  
summer and a wave regime i n  winter but  t h e  observational data  are i n s u f f i c i e n t  
t o  confirm this hypothesis. If t h e  planet r o t a t e s  very slowly (Venus and M e r  
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cury), t he  c i rcu la t ion  may be of a completely d i f f e ren t  nature, with atmospheric 
currents directed from the  subsolar point t o  t h e  an t i so l a r  point and vice versa. 
In t h i s  case, the  c i rcu la t ion  equi l ibrates  not only t h e  l a t i t u d i n a l  but a l s o  the  
longi tudinal  ( the day-night difference) temperature d is t r ibu t ion .  A detai led 
discussion of t he  theor  of t he  general c i rcu la t ion  of planetary atmospheres i s  
given elsewhere (Ref.75 5. The pr inc ipa l  source of observational data on the  
c i rcu la t ion  i n  the  atmospheres of the  other planets  i s  t h e  apparent s t ruc ture  of 
t he  cloud layer  and the cloud movement. 
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F'ig.38 Two Regimes of General Circulation 
of t he  Atmosphere. 

Left: Symmetric regime of general c i rculat ion.  a - Streamlines 
i n  the  upper layers ;  b - Cross-sectional v i e w  showing meridi
onal projection of c i rcu la t ion  and isotherms of po ten t i a l t em
perature e o  Right: Wave regime of general  c i rculat ion.  a - Stream
l i n e s  a t  the  medium and upper l eve l s  (heavy curve) and near  the  
surface ( th in  curve); L - l m p r e s s u r e  regions; H - high-pressure 
regions; b - Cross-sectional v iew of meridional c i rcu la t ion  averaged 
over the zones and the  averaged zonal Wind; W - westerly wind; 

E - eas t e r ly  wind. 

Section 1.8 Radar 

Within the  confines of t he  solar system, heavenly bodies can be studied by 
radar methods. The received power of t h e  re f lec ted  pulse i s  d i r e c t l y  propor
t i o n a l t o  the  power of t he  emitted pulse and t o  t h e  cross-sectional area of the  
object and inversely proportional t o  the  fourth paver of distance.  Hence the 
d i f f i c u l t i e s  increase enormously with increase i n  distance. Radar sounding of 
t he  moon was  first accomplished as far back as i n  1946. Ten years had passed 
before a radar pulse could be bounced off Venus. And it i s  only in recent years 
t h a t  radar sounding of Mars, Mercury, and Jupi te r  has been successful. The ac
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-30 - \% kiterI 

I 

t ions  of t h e  surface of the  planet
& 

may displayre f l ec t ionor highera laver  
-40 -

lhle
I 

r cu ry 1 >Saturn which leads t o  a d ivers i f ica t ion  
I 
I hlars I of t h e  spectrum of t h e  re f lec ted  

-50- II
I 

Ganymede II I pulse. Similar d ivers i f ica t ion  
C a l l i s t o b :  I has been observed i n  the  spectrum 

-6U - I 
I To.! 

1 
I 

\Uranus - of pulses bounced off  Venus. 
i.Pho bo s 

Eu rop a -I 
I 

I Peimos 
L I 1 1 , , , , I  

: T i t a n  
I 

Neptune A smooth spherical  planet re-70---'-I L d A I l - 1 , % S i , , 

If t h e  veloci ty  of r o t a t i o n  of a planet i s  known, a chart  of t he  surface 
d i s t r ibu t ion  of t he  r e f l ec t ion  coeff ic ient  can be compiled by analyzing the  fre
quency and duration of t h e  received pulse. In that case, the  width of t he  di
rec t iona l  diagram is  not essent ia l .  The radio-wave r e f l ec t ion  coeff ic ient  de
pends on t h e  physical propert ies  of the planetary surface and pa r t i cu la r ly  on t h e  
d i e l e c t r i c  constant; thus,  i t s  measurement may provide important information on 
the  mater ia l  forming this surface. 

By means of radar sounding a t  various frequencies, including su f f i c i en t ly
l o w  frequencies, the  c r i t i c a l  frequency of the  ionosphere and the  height of t h e  
ionosphere above t h e  surface can be determined. Once the  c r i t i c a l  frequency i s  

77 



known, the  e lectron densi ty  i n  t h e  ionosphere can be determined. When polar
ized radio waves pass through a plasma i n  a magnetic f i e l d  t h e i r  polar izat ion 
plane i s  rotated,  changing i ts  or ien ta t ion  (Faraday e f f ec t j .  Thus, by comparing 
the  polar izat ion of t h e  re f lec ted  and transmitted pulses it i s  possible t o  
measure the  i n t e n s i t y  of t he  magnetic f ie ld .  

TABLE 14 

METHODS OF DETERMINING n AND P I N  PLANETARY ATMOSPHXRBS 

Method 

Spect r o s  copi( 

Photometric 
and 

polarimetric 

Observations 
of twi l igh t  
regions 

Observation 
of s t e l l a r  
occulta t ions  

Direct 
measurements 

with 
manometers 

According t o  
re tardat ion 

of 
a r t i f i c i a l  
s a t e l l i t e s  

Direct ly  Add5tTonal 
Determined Informtion 

Quantity Required 

Directly 

according 

t o  l i n e  T and chemical 

width composition 

~~~ 

According 
t o  growth 
curve 

T and chemical 
composition ( to  
ietermine H and 
re f rac t ive  index) 

I1 

Chemical con-
position ( for  re
f rac t ive  index) 

Application Field 
of Method 

Lower atmosphere, 
P 2 1a t m  

P ,>  a t m  (de
pending on in
t ens i ty )  

Lower atmosphere, 
methods applicable 
when om > oa 

Upper atmosphere,-
up t o  n = lo1’ cm 

Upper atmosphere a 
3t the  l e v e l  where 
n w cm-3 

Lower and upper 
ztmospher e 
(n > 10’ cm-3) 

Upp~; atmosphere 
(10 > n4> 

> 10 cm-3) 

The sens i t i v i ty  of planet-sounding radar has been increasing rapidly in re
cent times. The world’s l a rges t  radiotelescope , a 300-m hole-in-the-ground 
fixed paraboloid which w a s  recent ly  put i n t o  operation i n  Puerto %coy was chief
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ly designed for  the  purpose of radar astronomy. Radar equipment mounted on 
interplanetary space platforms w i l l  make it possible t o  carry out s tud ies  with 
high s p a t i a l  resolution. 

TABLE 1 5  

METHODS OF D E T l C 3 f I " G  PLANETARY TEMPERATURES 
. __ 

Method of Determination and Level of t he  
Temperature Atmosphere o r  Ground, t o  .which 

Temperature Refers 

Te - ef fec t ive  	 Determined from conditions of thermal equilibrium 
with so la r  radiat ion [eq.(1.35) i f  T, uniform 
over en t i r e  surface1 

TB - brightness 	 Determined from Planck's formula [eqs. (1.26) 
(1.28)l. If Tatm 9 1in t he  atmosphere then T B  
r e fe r s  t o  the  atmosphere a t  t he  l e v e l  T a t m  1; 
i f  Tatm = 0, TB r e fe r s  t o  t h e  surface 

I n  the radio range (for  Tatm = 0) TB r e fe r s  t o  a 
l e v e l  a t  a depth a s  l o w  a s  several  meters below 
the  surface 

T, - ro ta t iona l  	 T, r e f e r s  t o  t he  e f fec t ive  l e v e l  of formation of 
absorption bands i n  the atmosphere. A Boltzmann 
d i s t r ibu t ion  of l e v e l  populations i s  assumed 

Tv - vibrat ional  The .same 

T D  - Doppler 	 Determined f romthe  emission l i n e  width of night 
airglow and polar auroras. Refers t o  upper atmo
sphere 

T = 
k 

- temperature Method su i tab le  f o r  determining the  temperature 
of t he  atmosphere a t  any a l t i t u d e  f o r  which the  

calculated from al t i - barometric formula i s  val id  
tude scale  

Section 1.9 ReGew of Methodolod.ca1 Poss ib i l i t i e s  

Above, we discussed variGus methods of determining the  basic  physical  char
a c t e r i s t i c s  of t he  planets. For convenience of t he  reader, we wi l l  now co l l a t e  
these methods. Table I4 enumerates t h e  pr incipal  methods f o r  determining the  
concentration n and pressure P of planetary atmospheres and spec i f ies  t h e i r  
range of application. Table 15 enumerates the  methods f o r  determining planetary 
temperatures, and Table 16 gives methods f o r  invest igat ing the  composition and 
s t ruc ture  of planetary surfaces. In t h e  l a t t e r  case, it i s  assumed tha t  e i the r  
t h e  atmosphere has no influence on the  measured charac te r i s t ics  o r  i t s  influence 
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i s  precluded. A s  f o r  t he  methods of determining t h e  chemical composition of t h e  
atmosphere, t h e  spectroscopic method i s  basic  here but other  estimate methods 
may prove usefu l  on occasion [ for  example, t he  a l t i t u d e  sca le  (Ref.68)I. 

TABLE 16 

METHODS OF INVESTIGATING THE COMPOSITION AND STRUCTURE 

Method 

photometric 

Spectroscopic 

Polarimetric 

Rate of varia,-on 
i n  TB ( i n  radio and 
IRrange) as a func
t i o n  of r a t e  of vari
a t ion  i n  i l lumination 
(thermal i n e r t i a )  

Distr ibut ion of thermal 
rad ia t ion  polar izat ion 
over t h e  disk 

According t o  reflec
t i v i t y  for  radar 
signals 

Duration of re f lec ted  
radar s ignal  

OF PLANETARY SURFACES 

Quantities Di rec t ly  Measured,and 
Determined Physical Character is t ics  

p(pI,  p2) of t h e  surface i s  measured and, by comparing 
with laboratory samples, both chemical composition 
( iden t i f i ca t ion  unrel iable)  and microstructure of 
t h e  surface layer  of severa l  microns thickness a r e  
determined 

The same, a s  above, except t h a t  a broader wave
length range i s  involved. Findings a r e  more r e l i 
able,  pa r t i cu la r ly  in t h e  presence of cha rac t e r i s t i c  
absorption bands 

Same charac te r i s t ics ,  according t o  polar iza t ion  i n  
one o r  several  wavelengths 

KPc - product of specif ic  heat (K), densi ty  ( p )  
and heat conduction (c) of t h e  surface layer  of 
several  meters thickness  (as a function of A )  

Dielectr ic  constant of surface layer ,  under spec i f ic  
assumptions on surface smoothness 

Same charac te r i s t ics  

Mean inc l ina t ion  f o r  surface sec tors  of a s i z e  
Bxceeding the  wavelength 
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CHAPTER I1 

MARS 

Section 2.1 Introduction 

Dark a reas  known as %cas" can be c l ea r ly  distinguished on the  d isk  of &rs 
even under conditions of moderate Vis ib i l i ty .  The l i g h t  regions surrounding 
these patches a r e  known as %ontinentsIl o r  land areas. The dark areas  appreci
ably s h i f t  i n  pos i t ion  but t h e i r  r e l a t i v e  mutual alignment remains more o r  less 
constant. On reaching i h e  west limb, they disappear beyond t h e  rim and reappear 
within approximately 12  on t h e  eas t  limb. This means t h a t  t h e  ro t a t ion  period 
of t h i s  planet i s  close t o  t h e  t e r r e s t r i a l  &-hour day. The dark markings on 
the  Martian surface had o r ig ina l ly  been observed some 300 years ago and t h e i r  
overa l l  configuration has never changed. Hence there  i s  reason t o  bel ieve t h a t  
they a r e  on a so l id  surface and, r e f l e c t  t h e  l a t t e r ' s  geographic features .  In  t h e  
neighborhood of t h e  limb, a small white area roughly coinciding with one of t h e  
poles can usual ly  be observed. T h i s  i s  t h e  polar cap. The polar caps (Fig.40) 
change t h e i r  appearance i n  t h e  course of t h e  Martian year, shrinking i n  spring 
and spreading i n  f a l l ,  l i k e  t h e i r  t e r r e s t r i a l  counterparts. Occasionally both 
caps can be seen simultaneously. I n  spring, t he  contrast  of t h e  dark a reas  i s  
greater.  During the  melting of t h e  polar cap a wave of darkening, a s  it were, 
spreads toward t h e  equator from t h e  pole  i n  t h e  respect ive hemisphere. It a p  
pears l i k e l y  t h a t  these  seasonal periodic changes are associated with b io logica l  
processes, but so f a r  t h i s  cannot be proved. 

The dark patches a l s o  undergo i r revers ib le ,  secular  changes. However, such 
changes were uncovered only by extremely thorough protracted s tudies ,  carr ied 
out w i t h  a maximum resolving power. 

I n  addi t ion t o  such patches s ta t ionary  on t h e  surface, v i sua l  and photo
graphic observations of t h e  Martian disk ind ica te  s h i f t i n g  formations which a t  
times cover t h e  dark areas.  Apparently, these a r e  clouds. 

The presence of clouds demonstrates t h a t  Mars has an appreciable atmosphere. 
The dark areas  a r e  dis t inguishable  i n  greatest  contrast  i n  red l i g h t ,  whereas i n  
blue l i g h t  they v i r t u a l l y  disappear. The polar caps and ce r t a in  types of clouds, 
conversely, a r e  c l e a r l y  v i s i b l e  on photographs made with a blue filter. It & 
might be conceived that., i n  blue l i g h t ,  t h e  natural contrast  of t h e  dark areas  
wi th  respect t o  t h e  contjnent becomes small, but t h i s  explanation cannot be cor
rec t .  There a r e  t i m e s  (so-called %blue clearings") when the  dark a reas  can a l so  
be observed through a blue f i l t e r .  Hence the  ve i l ing  of t h e  dark areas  i n  blue 
l i g h t  must be caused by some agent present i n  t h e  atmosphere and occasionally 
disappearing. 

The conditions f o r  observation of Maj;s vary markedly from one opposition,,to 
t h e  other: The d isk  diameter i s  about 25 during favorable opposition and 14 
during the  l e a s t  favorable, aphelic opposition. However, t h e  wide i n t e r e s t  /100
focusing on &rs during favorable oppositions i s  not fully just i f ied.  Many types 
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of physical observations can be carr ied out close t o  aphel ic  opposition with al
most t h e  same success as a t  favorable opposition. Figure 41 gives a diagram of 
t h e  o r b i t s  of Mars and Earth on which the  oppositions of Mars during ' the next 
10 years a r e  indicated.  A t a b l e  of oppositions u n t i l  t h e  end of t he  20th Century 
can be found elsewhere (Ref.76). 

Fig.40 Seasonal Variations of t h e  Polar Caps of k r s  
(Ref -86) 

Dates a re  given i n  the  k r t i a n  Calendar (Me C.). Let
t e r s  Y, 0, R - yellow, orange, and red f i l t e r s ,  re
spectively. h - longitude of t h e  cen t r a l  meridian. 

The v i sua l  s t e l l a r  magnitude of t h i s  planet a t  t h e  i n s t a n t  of favorable o p  
posi t ion i s  -2.6" and during aphel ic  oppositions, -l.Om. During the  two months 
immediately preceding and following opposition, t h e  br ightness  markedly de
creases by about 1.3 - l e g m .  The i r r egu la r  d i s t r ibu t ion  of t he  dark a reas  
causes s l i g h t  f luc tua t ions  i n  the  s t e l l a r  magnitude, with a period equal t o  the  
period of rotat ion.  The color index i s  B-V = 1.36m, i.e. ,0.71" higher than for  
t he  sun (Ref.66). 

The length of t h e  Martian day has been determined wi th  very high accuragy, 
based on t h e  apparent displacement of t h e  dark markings. This amounts t o  24 37" 
22.62". The Martian year lasts 687 days. The eccen t r i c i ty  of t h e  o rb i t  i s  
0,093, which i s  6.5 times more than f o r  earth. The inc l ina t ion  of t h e  equator 

8 2  



-- 

t o  t h e  e l l i p t i c  i s  near ly  t h e  same as for t he  ea r th  amounting t o  23'57'. Hence, 
a l s o  t h e  succession of seasons of t h e  year i s  t h e  same as on Earth, with t h e  /101
differences being due t o  t h e  g rea t e r  eccen t r i c i ty  of t h e  o r b i t  of Mars. The 

south pole of Mars i s  oriented sun
ward when t h e  planet passes through 
i ts  perihelion, so t h a t  t h e  summer 
in t h e  Southern Hemisphere i s  hot
t e r  and shor t e r  than i n  the  
Northern. 

' 
 According t o  Brouwer and Clem
ence (Ref.77) t h e  mass of Mars i s  

Af@M ,  3053000 3ooo = (0.10766 f0.00010) M B .  

Measurements of t h e  t r a j e c t o r y  of 
t h e  spacecraft  Mariner I V  (Ref.634) 
point t o  a lower value 

&Id z Jf@ 


3098600 2 600 ' 

According t o  t h e  survey by 
Fig.41 	 Oppositions of  Mars during t h e  

1960-1975 Period. 
de Vaucouleurs (Ref.78), t h e  equa
t o r i a l  diameter of Mars i s  

D, = 6828 f8 km. 

Radio observations of t h e  occul ta t ion of Mariner I V  by t h e  planetary disk indi
ca t e  a l ave r  value 

D ?= 6764 f5 km. 

The mean densi ty  of Mars 
p( j  = 3.99nPcm-3 

i s  markedly lower than t h a t  of Earth (5.5 gm cm3); t h e  accelerat ion due t o  
gravi ty  i s  

g = 370 cm msec-2, 

and t h e  parabolic velocity,  

L' = 5.2 km .sec-1. 

The polar  diameter i s  much smaller than t h e  equatorial .  The oblateness, 
according t o  de Vaucouleurs (Ref.78), i s  equal t o  



E =  -Dtof = 0.012 f0.002. 
QP 

Trumpler (Ref .79) found a value of E = 0.0104 + 0.006. Camichel (Ref.80) found 

E = 0.012. These values were obtained by means of d i r e c t  micrometric measure

ments. Oblateness can a l s o  be calculated i n t h e o r y ,  by the  methods of c e l e s t i a l  

mechanics, from the  precession of t h e  o r b i t a l  plane and motion of l i n e  of apsides 

of the  s a t e l l i t e s  of Mars (Ref.81). T h i s  quantity, known as dynamic oblateness, 

i s  much lower: � 0  = 0.0053. The difference betwe2n E and �0 e a t l y  exceeds /102

t he  limits of e r rors  of observation and theory. Opik (Ref.82yassumes tha t  the  


observed excessively high oblateness 
has t o  do with the  propert ies  of the  
atmosphere: The dense atmospheric 
haze on the  equator may lead t o  an 
apparent increase i n  equator ia l  di
amete r  . 

Studies of Mars toward the  end 
of t h e  past  Century had aroused enor
mous i n t e r e s t  among the  general 
public, because of the discovery of 
%anals [Schiaparel l i  (Ref -83)1 
which a r e  t h i n  and f a i r l y  s t r a igh t  
l i n e s  in te rsec t ing  the  planet's 
surface i n  various direct ions.  &ny 
assumed t h a t  t he  network of Martian 
canals was a manifestation of t h e  
a c t i v i t y  of sent ient  beings. Natur
a l l y ,  t h i s  centered a t t en t ion  on 
v i s u a l  and photographic observations 
of t h e  k r t i a n  surface features,  and 
near ly  a l l  t h a t  could be done i n  
t h i s  d i rec t ion  has long ago been ac-

Fig.42 Spectrum of Mkrs and Moon in complished. Old v isua l  observations 
t h e  Region Ah 0.8 - 2.5 1J. according were published by Antoniadi (Ref .84) 
t o  Kuiper's F i r s t  Observations (Ref .9>. and i n  t h e  Lowell  Observatory Bul

l e t i n  (Ref .85) ,while more up-to-date 
observations (carried out a t  the  

P i c  du E d i  Obsehatory) were described by Dollf'us (Ref.22) Exceptionally 
varied photographic material  i s  contained i n  the  books by Slipher (Ref.86, 87). 
Further progress can be expected only a f t e r  s c i e n t i f i c  payloads can be carried 
a l o f t  t o  outside the  confines of t he  atmosphere (by balloons, space probes, and 
spacecraft). Recently, t he  first success i n  t h i s  d i rec t ion  has been achieved. 
%rs was successfully photographed by the  American interplanetary spacecraft  
Mariner IT;t h e  bes t  of t he  photographs d i s t i n c t l y  show lunar-l ike craters ,  
montane regions, etc.  (cf. Sect.2.9). These photographs which represent only 
t h e  f i r s t  experiment reveal the  poten t ia l  of t h a t  new weapon of t h e  astronomer, 
namely outer space rockets. 

In recent years, earth-based spectroscopic observations have produced a 
number of i n t e re s t ing  findings, ch ie f ly  per ta ining t o  the  composition and struc
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t u r e  of t h e  Martian atmosphere. In t h e  following Section, we  w i l l  begin t o  ex
amine these findings. 

_ _Section 2.2 C 0 2  Content and Total  Pressure i n  t h e  Martian-Atmosphere 

The first attempts t o  inves t iga t e  t h e  chemical composition of t h e  Phrtian 
atmosphere by spectroscopic methods were undertaken more than f i f t y  years agoI 
Oxygen (electronic  bands i n  t h e  red port ion of t h e  spectrum) and w a t e r  vapor were 
primarily sought. These gases could not be discovered a t  a l l ,  and no pos i t i ve  
findings on t h e  composition of t h e  Martian atmosphere w e r e  obtained u n t i l  as 
l a t e  as 1947 when Kuiper and h i s  coworkers first obtained planetary spectra i n  
t h e  region of Ah 1- 2.5 p, using an infrared spectrometer with a PbS photo-
var is tor .  These observations revealed two C 0 2  bands i n  t h e  spectrum of k r s  near 
1.6 p (AX 1.573 and 1.606 p) and later th ree  more bands near 2 p (Ah 1.95, 2.01, 
2.06 p). Carbon dioxide i s  a l s o  present i n  t h e  earth 's  atmosphere; therefore, /los
i n  his search f o r  C 0 2  i n  t h e  spectrum of Mars Kuiper a l s o  recorded the  lunar 
spectrum a t  a t i m e  it was  not far from Mars and a t  a close zeni th  distance. The 
i n t e n s i t y  of C 0 2  bands i n  t h e  Martian spectrum proved to,?@ much greater  (Fig.@). 
The observations were carr ied out with t h e  aid of t h e  82 r e f l e c t o r  a t  t h e  
McDonald Observatory. The resolving power of t h e  spectrometer was  r a t h e r  limited, 

To determine the  COz content of t h e  Martian atmosphere, t h e  solar spectrum 
f o r  various a i r  masses w a s  recorded with the  a i d  of t h e  same spectrometer but 
without a telescope, using a sca t t e r ing  screen. Figure 43 gives t h e  r e su l t an t  
dependence of t o t a l  absorption on a i r  mass, i n  t he  solar spectrum within t h e  
1.575 and 1.606 p bands. The point with the  v e r t i c a l  bar  represents absorption 
i n  t h e  Martian spectrum f o r  an a i r  mass MB = 1.1. This corresponds t o  t e l l u r i c  
absorption a t  M e  = 10. Kuiper (Ref.4) estimated t h e  amount of COa as follows: /10k
Mars accounts fo r  8.9 of t h e  a i r  mass, t he  mean value of t he  a i r  mass for  a uni
formly illuminated d i sk  i s  4, and t h e  amount of cO2 i n  t h e  atmosphere of Mars 

i s  -	1 
X 8.9 = 2.2 times as high as i n  t h e  earth 's  atmosphere above t h e  McDonald

4 
Observatory o r  1.8 times as high as above sea level .  According t o  Allen (Ref.$$), 
t h e  reduced thickness of (332 i n  t h e  t e r r e s t r i a l  atmosphere above sea l e v e l  i s  
2.60 m a t m ,  which gives 4.70 m a t m  f o r  t h e  Martian atmosphere. It i s  quite 
obvious t h a t  t h i s  reasoning i s  v a l i d  only i f  t h e  r o t a t i o n a l  lines i n  the  C02 
bands a r e  unsaturated. 

In  t h e  terrestr ia l  atmosphere, t h e  Go2 bands a r e  close t o  saturation. The 
photometric and polar izat ion observations avai lable  a t  t h e  time implied t h a t  
pressure i n  t h e  Martian atmosphere i s  a t  least one order of magnitude higher 
than i n  t h e  t e r r e s t r i a l  atmosphere (i.e., about 100 mb) and thus the  Martian ro
t a t i o n a l  l i n e s  must be more narrow than t h e i r  terrestr ia l  counterparts. Since 
t h e i r  equivalent width i s  greater, they must be saturated which would mean t h a t  
t he  observed i n t e n s i t y  cannot serve as a yardstick f o r  determining t h e  amount of 
(332 and can be used only t o  f ind t h e  mathematical product of t h e  amount of car
bon dioxide and pressure (cf. Sect.l.4) or, which comes t o  t h e  same, t h e  product
of t h e  r e l a t i v e  concentration of carbon dioxide and t h e  square of pressure. This 



parameter was  calculated from Kuiperfs ob
servations eight  years l a t e r ,  by Gandjean 

-/- i 
and Goody (Ref.42) who found 

-

i 
t . 9  oOct.11, p r e m e r i d i a n  where c i s  t h e  r e l a t i v e  volume concentration 

-- I/ !.1 0 . 0 ~t .  11, p o s  t m e r i d i a n  
of c 0 2  (it w a s  assumed t h a t  t h e  e n t i r e  re7947 
maining atmosphere consisted of nitrogen) ; 
PI i s  the  pressure a t  t h e  surface. This 
corresponds t o  

Fig.43 Relation of t h e  In-
=t e n s i t y  of Te l lur ic  C02 Bands U C O , P ~3200 m . atm .mb, (2.2) 


near h 1.6 CL t o  Air &ss 

(Squares and Crosses) and In- o r  t o  t h e  reduced thickness 

t e n s i t y  of Martian CO2 Bands 

according t o  Kuiperfs Obser- UCO. = 32 m - atm, (2 .3)  

vat ions i n  1947 f o r  an Air 

Mass 1.1 (Straight  Line Paral- if PI = 100 mb. 

l e l  t o  t h e  Abscissa) (Ref.4). 


Kuiperfs observations i n  194’7 remained-
for  many years t h e  on ly  source of informa

t i o n  on the  i n t e n s i t y  of C02 bands i n  the  &&an spectrum: Sinton (Ref.89, 90) 
recorded the  spectrum of Mars i n  t h e  region from 1 t o  4 P, but t he  resolving 
power he had achieved i n  the  i n t e r v a l  from 1t o  2 P, where t h e  GO2 bands a r e  lo
cated, was lower than t h a t  obtained by Kuiper. Sinton and Strong (Ref.%) dis
covered several  Martian COa bands i n  the  8 - 13 P region. These a r e  difference 
bands; t h e i r  i n t e n s i t y  i s  grea t ly  influenced by temperature and they a r e  not 
even su i tab le  f o r  estimating t h e  parameter ucO2P1. 

868ff 8685 869ff8695 87nO 8705 871U 6715 872U 8725 8730 6735 8 7 4 ~ ~ 1  
I I I I I I I 1 1 1 1 

Venus  

M a r s  

P * 
Fig.& Spectrogram of Venus and &rs i n  the  

8680 - S740 a Region. 
The s t rong ro t a t iona l  5 V 3  C02 l i n e s  in t h e  spectrum of Venus 
exactly correspond i n  pos i t ion  t o  t h e  very weak but percept
i b l e  Martian COz l ines .  Disper9ion of t he  o r ig ina l  spectro
grams, same i n  both cases: 5.6 A/”, but resolving power i n  

the  case of Mars higher. 
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To determine t h e  C02 content independently of pressure, extremely weak ab
sorption bands corresponding t o  t h e  l i n e a r  segment of t h e  growth curve must be 
observed.. For such observations a considerable r e s o l f i g  power i s  required, so 
t h a t  d i s c r e t e  r o t a t i o n a l  l i nes  can be recorded. Spinrad, Idhch, and Kaplan 
(Ref.91, 92), i n  t h e  photographic infrared region, obtained Martian spectra with 

a dispersion of 5 fl/mm and a resolving power of -	h 
M lo5 on t h e  100-inch re-

M 
f l e c t o r  of t h e  Mount Wilson Observatory. Their a i m w a s  t o  search f o r  MArtian H2O 
l i n e s ;  these l ines  w e r e  indeed discovered f o r  t h e  first time af ter  numerous 
fruitless past  attempts. W e  Will discuss  t h i s  i n  d e t a i l  i n  Section 2.3, s ince 
we are now concerned more with another point, namely with t h e  f a c t  t h a t  t h e  same 
spectrogram displayed t r a c e s  of several  ro t a t iona l  l i n e s  of an extremely weak 
5% C02 band near h $700 1 (Figs.& and 45). The eqzliva$ent widths of indi
vidual ro t a t iona l  l i n e s  of this band were only about 5 mA. Laboratory s tudies  
of t h i s  absorption band normally a r e  performed with the  a i d  of c e l l s  having a 
path length of about one kilometer (roughly 200 gm/cm2). Consequently, on t h e  
bas i s  of t he  report  on t h e  discovery of t h i s  band alone i t  could be concluded 
t h a t  t h e  amount of carbon dioxide i n  t h e  atmosphere of Mars i s  substant ia l .  

Fig.45 Microphotometric Trace of t h e  R-Branch 
of t h e  Martian 5 V 3  COa Band. 

The l i n e s  K = 8, 10, 12, u t i l i z e d  f o r  quantitative estimates and 
two so la r  l i n e s  were recorded. Ordinate: nonlinear s ca l e  of 

r e l a t i v e  i n t e n s i t i e s .  

Based on Rankfs laboratory spectrograms, Kaplan, f i c h  and Spinrad (Ref .91) 
obtained 

where M d i s  t h e  Martian a i r  mass. Taking T = 230'K f o r  t h e  MArtian atmosphere, 
these astronomers found t h a t  t h e  temperature correct ion f o r  t h e  l i n e s  with K = 



= 8, 10, 12  i s  approximately +-lo%. The a i r  rpass f o r  t h e  observed point on the  
disk i s  equal t o  

= sec i +secz = 3.6, 
whence 

uco, = 55 m atm. 

These authors estimated t h e  indeterminacy of t h e  above quant i ty  as being %.&O%. 

Owen (Ref.93) independently analyzed t h i s  spectrogram and, on the  bas i s  of his /107 

own laboratory measurements, found t h a t  


Owen a l s o  estimated uco2 by comparing the  Martian spectrum with t h e  s o h r  spec

trum f o r  la rge  a i r  masses. He found t h a t  t h e  t e l l u r i c  5% GO2 band equals i t s  

Martian counterpart i n  i n t e n s i t y  i f  Me= 30 f 3, whence 


ucoZ= 73 I-t.7 m atm. (2.8) 

Henceforth, we w i l l  use t h e  estimate given i n  eq. (2.5). Together wi th  
eq. (2.2) the  estimate (2.5) yie lds  

PI  = 60 f30 mb. (2.9) 

Allowing f o r  observation errors ,  it can be concluded t h a t  t h e  above pressure 
value i s  i n  agreement with photometric and polar iza t ion  observations, which point 
t o  80 - 100 mb (Ref.5). During the  1963 opposition, however, Moroz (Ref.94) and 
Kuiper (Ref.95) conducted new observations of saturated CO2 bands, which showed 
t h a t  t h e  parameter uco2Pl i s  much smaller than had been concluded by Grandjean 
and Goody from Kuiperts old observations. The new observations were d is t in
guished by a much higher resolving paver and accuracy. This had become possible 
because of the  use of d i f f r ac t ion  spectrometers and improvements i n  t h e  sensi
t i v i t y  threshold of t h e  sensors (PbS photovaristors).  The latter, i n  par t ,  was 
a t ta ined  bg cooling the  photovaristors t o  t h e  temperature of so l id  carbon di
oxide (-73 C).  The author repeated these observations during t h e  1965 opposi
t ion.  Figures 46 - 47 present sample t r aces  of t h e  Martian spectrum recorded 
from the  1963 and 1965 observations i n  t h e  USSR [Southern S ta t ion  of t h e  GAISh 
(State  Astronomical I n s t i t u t e  im. Shternberg) with a 125-cm re f l ec to r ]  and ob
servations during 1963 i n  t h e  United S ta tes  (spectrometer of t h e  Laboratory of 
t he  Moon and Planets University of Arizona, and the  82-inch r e f l e c t o r  of t h e  
McDonald Observatoryj . 

A comparison of these t r aces  wi th  Fig.42 reveals  t he  great  increase i n  re
solving power ( in  the  new observations, from 500 t o  l000). T-his increase i n  re
solving power permitted the  detect ion of numerous CO2 bands that had not previ
ously been observed i n  the  f i r t i a n  spectrum. 

Table 17 gives the  t o t a l  l i s t  of absorption bands found i n  the  spectrum of 
Mars by various invest igators ,  with emphasis on iden t i f i ca t ion  and in tens i ty .  
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Fig.46 Spectrum of Mars i n  the  hh 1.1- 1.8 CL Region, 
Averaged for S i x  Traces Recorded on April 4-5 and 6-7 
1965 from Observations w i t h  the  125-cm Reflector of t he  

GAISh Southern Station. 
M M 1 7  1; recording sgeed 3 A/sec; T = 4.4 sec; zenith 
distance from 36 t o  47 ; grat ing 600 rulings/mm. 

O W - L . l  I I 1 1 - 1 1 I I I 

HU 195 zuu zu5 271 215 ZZD zz5 z3u 235 z4u ~ 4 5 a , ~  

F'ig.47 Spectrum of Mars i n  the  1.90 - 2.5 P Region
(Two Traces) according t o  Kuiper's Observations during

the  1962 Opposition (Air Mass 1.0.5). 
Broken curve - lunar spectrum. 

89 



TABLE 17 


ABSORPTION BANDS DISCOVERED I N  THE MARTIAN SPECTRUM 


E + i v a l e n t  
Wave1 ength Width ,

A 

R17rr.97 A** -0 .on4 
8189.27 ** -0.004 
8226.96 ** -0.004 
0.869 p 
Ji =8 0.0033 
K = 1 0  0.0037 
K =  12 0.0044 

1.205 p 5 . 7 i O  ,8 
1.215 2.5f0,5 
1.31 ? 
1.38 ? 
1 . 4 3  20? 
1.518 6.3f0,5 
1,578 18.8&2 
1.606 19. l i 2 ,  4 
1.64F 12.310,5 
1.965 160:' 
2.009 250? 
2.OGS l C O ~ 3 0  
2.0082 I O ?  
2.102 20? 
2.16 6 . 5 5 1  
2.7 2300 

3.43 
3.53 

3.59 +** ? 

3.68 
4.3 4000 
4.8 -1500 
5.2 -500 

I d e n t i f i c a t i o n  

211 I&O 
211 II,O 
211 II20 
005 COZ 
005 coz 
005 COz 
005 C 0 2  
103 COz 
023 COZ 
241 cop
101 1 1 2 0  
003 co.,
301 CO; 
221 coz 
141 COz 
061 COZ 
201 co2 
121 coz 
041 CO, 

0511-01'0 COz 
041 C130~16 
002 C'201"0'8 
021 col 
101 

001 COZ 
110 coz 
03'0C02 

9.4 -200 0001-0200 coz 
10.4 200 0001-10"1) coz 
12.6 500 1100-0200 ' 

ssol v i n  

105 
I O 5  
10; 
105 

103 
103 

3.10' 
102 

3.102 
103 
103 
103 
103 

3.10' 
3.10' 
3.102 
3*102 
3.102 

3-10' 

50 

102 
1 0 2  

Kaplan et al. [01, 021 
The same 

)) 

Y 

Moroz, 1965 
u 

hloroz 1941 
O o l l f u s  [ I151 
Moroz  [94] 
Moroz, 1965 

)) 

>) 

n 
Moroz [Oh] 

)) 

h,loroz, I N 5  
hloroz [94]
Moroz. [ 9 4 ]  
Kuiper 1951 

Daniel son et a1 . [43]  


S i n t o n  [89. 901 

)) 

S i n t o n  and Strong[26] 
)) 

loaI 


+t 	 Sources from which estimates of equivalent length a r e  taken 
a r e  specified.

2 \c
h\Wavelength of individual r o t a t i o n a l  l i nes .  

X L t 8 - x  

""'\ 	 It i s  suspected t h a t  these bands, which had f o r  
(Ref  ,186) 

a long time been 
considered Nartian, i n  real i ty  are t e l l u r i c  

It i s  obvious from t h i s  l i s t  t h a t  GO2 bands represent t h e  most prominent d e t a i l  
of t h e  Martian spectrum throughout t h e  observable wavelength range from 3000 A 
t o  13 P. The GO2 bands h 2.7, 4.3 ,  4 .8 ,  and 5.2 P were observed with t h e  a i d  
of t h e  balloon-borne telescop$ rrgiratoscygeliI:'8 ( R e f  .43) .  The newly discovered

/110 
C 0 2  bands include i so top ic  ( C  02 and C 0 0 ) and difference bands. A l l  GOz 
bands discovered i n  t h e  1- 2.5 P region, even the  weakest, are saturated or, 
expressed more accurately, consist  of saturated r o t a t i o n a l  l i n e s .  Figure 48 pre
sen t s  t h e  spectrum of Mars i n  t h e  8 - 13 P region (Ref.26), which points t o  t h e  
presence of several  hot COz bands. 
90 



Belaw, we w i l l  attempt a new estimate of atmospheric pressure with t h e  a i d  
of t h e  spec t r a l  method based on t h e  t o t a l i t y  of findings f o r  t he  i n t e n s i t y  of COZ 
bands. The bands most convenient f o r  t h i s  purpose are 1.573, 1.606, and 2.05 p. 
The bands 1.95 and 2.01 p excessively overlap t h e  t e l l u r i c  H 2 0  1.9 p band, while 

t h e  1.43 p band overlaps t h e  HzO 1.38 p 
band. The other bands-within t h e  1t o  
2.5 p wavelength range are too weak, and 
t h e i r  equivalent width cannot be measured 
with su f f i c i en t  accuracy. Balloon ob
servations are not s u f f i c i e n t l y  r e l i ab le ,  
owing t o  t h e  lack of comparison spectra. 
Tables 18 and 19 give t h e  results of 
measurements of equivalent widths of COZ 
bands a t  1.6 and 2.05 IJ. with respect t o  
spectra obtained by us  and by Kuiper. 
Sinton's findings (Ref.96) were not u t i 
l i z e d  i n  View of the  comparatively low 

8 L 	
resolving power. The band i n t e n s i t i e s  
for h 1.578 and 1.606 p a r e  c losely ad
jacent.  and Table 18 presents t h e i r  

Fig.48 Spectrum of MArs i n  the  XI average. I n  these tables, Av i s  t h e  Dop
8 - 13 p Range, Corrected for p l e r  s h i f t  of t h e  Martian l i n e s  with re-
Transmission through T e r r e s t r i a l  spect t o  t h e  t e l l u r i c  l i n e s ,  proportional 

Atmosphere (Ref. 26) 	 t o  t h e  veloci ty  of Mars r e l a t i v e  t o  t h e  
ear th;  We+ 6i s  t h e  observable equivalent 
width of C 0 2  bands i n  t h e  Martian spec

trum, determined by t o t a l  absorption i n  t h e  terrestr ia l  and Martian atmospheres;
M, i s  t h e  a i r  mass i n  t h e  t e r res t r ia l  atmosphere (Me- sec z ,  where sec z i s  /111
t he  zenith dis tance of Mars); W, i s  t h e  equivalent h d t h  of t h e  t e l l u r i c  CO2 band 
f o r  a given value of &; W d i s  t h e  equivalent width of t h e  0 2  band i n  t h e  spec
trum of Mars. If t h e  t e l l u r i c  and ro t a t iona l  l i n e s  of CO2 had not overlapped 
each other and the  Martian l i nes ,  t h e  r e l a t i o n  

(2.10) 


would hold. If t h e  t e l l u r i c  and Martian l i n e s  overlap, then 

If Av = 0, t h e  adjacent l i n e s  do not overlap and i f ,  moreover, t h e  t e l l u r i c  and 
Martian l i n e s  are saturated then we have, according t o  (1.56), 

w,= VW$+@--W&. (2.12) 

By numerical i n t eg ra t ion  of t h e  contours of t h e  overlapping l i n e s  we  obtain /1l2 
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TABLE 18 

MEAN EQUIVALENT WIDTH OF THE BANDS h 1.578 AND 1.606 CL 
I N  THE MARTIAN SPECTRUM 

Kuiper . 
I 

Dec.8,1962 1 . L U - 1  

I___--- 1 15.1 
hloroz . . . May 5 , 1 9 6 3  14.3 
hloroz . . . r i l  4-7.1965 

. 

0.17 ii 1 Li 1 :::: 
. 
19.0 

.. ._ 
17.6 

.~___ 
11ean . . I.. 

TABLE 19 

EQUIVALENT WIDTH OF THE h 2.05 CL BAND 
I N  THE MARTIAN SPECTRUM 

Moroz . . April  8,1965 132 1.26 60+2u 10 
IApril 19,1965 0.17 32* 10 80 
I 

a t  given A V  and W@. I n  t h e  case of bands nepr 1.6 w ,  t h i s  r e l a t ion  ranges from 
1.01 ( A v  = 0.31 cm-’) t o  1.06 (AV = 0.17 cm- ) a t  Me= 1, while f o r  t h e  band 
h 2.05 CL it i s  roughly 1.5 a t  Me= 1and 2.5 a t  Me = 2.46. 

Owen and Kuiper (Ref.16) made an extensive s e r i e s  of laboratory measure
ments of t he  equivalent widths of COZ bands ( w i t h  a resolving power close t o  t h a t  
used i n  astronomic observations) fo r  various combinations of pressure, length of 
op t i ca l  path, and r e l a t i v e  concentrations of 0 2  (pure CO2, 25% C02 and 75% Nz, 
10% C02 and 90%N z ) .  Pigures 49 and 50 show the  equivalent widths of t h e  1.6 IJ. 
bands as a function of pressure a t  various path lengths,  f o r  pure C02 and for a 
mixture 10% C02 + 90% N2. 

In  the  presence of only small amounts of carbon dioxide uco2, t h e  equiva- /313
l e n t  width i s  almost independent of  pressure; however, a s  u c o Z  r i s e s  the  pres
sure  dependence bggomes increasingly stronger and u l t imate ly  tends t o  a quadratic 
dependence (W v) P ) i f  t h e  overlap of neighboring l i n e s  i s  ins igni f icant .  Pure 
COz gives greater  equivalent widths than a mixture with Nz, f o r  equal values of 
uP1. A comparison of Figs.49 and 50 yie lds  t h e  correct ion f o r  self-reversal  
broadening : 
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aCO,-Co? =1,7, 
%O,-N, (2.14) 

which i s  somewhat higher than indicated i n  Table 9. The mean Mwtian a i r  mass 
Mdcan be taken equal t o  3, whence 

uco2= 165m .a l m  . 
(2.15) 

I I 

''I ai5 15 3 E 72 Z4.& 
5 7U ZU 4%' 80 7fiU 32U mb 

Fig.49 Mean Equivalent Width Fig.50 Same a s  i n  Fig.49, f o r  
of t h e  Bands h 1.573 and 1.606 p an Atmosphere Consisting of 10% 
a s  a Function of Pressure for  Cog and 90% N 2  (Ref.16). 
Pure CO2 Gas Layers of Varying

Thickness (Ref.16). 

Owen and Kuiper assumed a somewhat smaller value M + c ~ ~= 150 m atm 
(broken curve i n  Figs.49 and 50). The estimate (2.15) y i e lds  pressures of 4 and 
7 mb, respectively, when compared wi th  Figs.49 and 50). The pressure a t  t h e  
surface, according t o  eq.(1.72), must be twice as high 

8 <P,  <15 mb. (2.16) 

The upper limit i s  reached when COz i s  a minor constituent and t h e  lower limit 
i s  a t ta ined  when t h e  atmosphere i s  pure COZ. A t  pressures PI M 10 mb and equiva
l e n t  widths of - 1 5  A, t h e  data i n  Fig.47 can be expressed by the  empirical 
formula" 

zyw = 0.45toyuhfP1-0.10, 

The analogous empirical formula (1)by Owen (Ref.16) was stated incorrectly.  
Apparently an ari thmetic e r ro r  was comi t ted .  
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where t h e  quant i ty  uM i s  expressed i n  m a t m ;  PI, i n  mb; W, i n  1. For a m i x 
t u r e  of 10% C02 and 90%N2 a t  such pressures, no da ta  are ava i l ab le  but t h e  cor
r ec t ion  f o r  self-reversal broadening [eq. ( 2 . u )  1 permits der iving t h e  correspond
i n g  formula d i r e c t l y  from eq.(2.17): 

logVV= 0 .4529~hIP1- 0.20.. (2. le) 

The estimate (2.16) i s  not corrected f o r  t h e  temperature effect .  The 
equivalent width of saturated absorption bands decreases with temperature, s ince 

where NK i s  t h e  population of t he  K-th r o t a t i o n a l  level; CNK = const. If NK 
follows t h e  Boltzmann d i s t r i b u t i o n  [eq. (1.17)1, then C f l ~decreases with a 
drop i n  temperature. Table x) gives the  temperature corrections of equivalent 

/Ilk 
widths, calculated f o r  C02 bands from eq.(2.19). The t a b l e  shows t h a t  t h e  tem
perature correct ion i s  . s u f f i c i e n t l y  small. 

For t h e  2.05 p band i n  t h e  presence of low r e l a t i v e  concentrations of CO2, 
we derived t h e  following formula from Owen's f indings (Ref.16): 

10gW = 0.531Uy~MP,+ 0.29. (2. 

Subst i tut ing W = 100 A and uM = 165 m a t m ,  we  have PI = 26 mb. The coeffi
c ient  a t  log  uMP i n  t h e  above empirical formulas i s  close t o  0.5. A quadratic 

approximtion can be used i f  it i s  assumed t h a t  t h e  
coeff ic ient  i s  equal t o  0.5. I n  t h i s  case, a de-

TABLE x) termination of pressure y i e l d s  PI = 21 mb with re
spect t o  t h e  bands a t  1.6 CL and PI = 28 mb with re-

TERPERATURE COFEEGTIONS spect t o  t h e  2.05 P band, a t  low r e l a t i v e  concentra-
FOR EQUIVALENT WIDTHS t i o n s  of C O Z .  
OF SATURATED GO2 BANDS 

I
I 

Finally, similar estimates can be obtained by 

T*O K  

U'(T)  
%V(30OoI<) 

comparing the  equivalent widths of & r t i a n  GO2 bands 
with t h e i r  terrestr ia l  counterparts. Figure 51 

300 
::;;
1 .oo 

shows t h e  dependence of t h e  equivalent width of t h e  
t e l l u r i c  band A 1.573 IJ. on t h e  a i r  mass, as obtained 
from observations of t h e  sun. The diagram a l s o  

I gives a t h e o r e t i c a l  growth curve calculated f o r  
Elsasserrs model by numerical i n t eg ra t ion  f o r  AVC = 
= 0.04 cm-'. The numerical i n t eg ra t ion  w a s  neces-
sary since, i n  t h e  presence of l o w  a i r  masses, t h e  

t e l l u r i c  l ines  are i n s u f f i c i e n t l y  saturated and are located on t h e  intermediate 
segment of t h e  growth curve. The median absorption Rmed w a s  determined, so t h a t  
t he  contribution of  t h e  l i n e s  with an absorption ?iv > Rmed t o  t h e  equivalent 
bandwidth would equal t h e  contribution of t h e  l i n e s  with a n  absorption R,,< Rmed. 
It can be shown t h a t ,  f o r  saturated l ines,  we have 
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where d i s  the  mean dis tance between the  l i nes ,  and N,,, i s  t h e  population of 
t h e  l e v e l  corresponding t o  t h e  madmum of the  function (1.17)0 A t  300°K, 

Rmed -0.0141,
W (2.22) 

Rme aif W i s  expressed i n  cm-l. Then, -
W 

i s  independent of h .  

A comparison of t he  t h e o r e t i c a l  and observational growth curves permits /115
determining the  mean i n t e n s i t y  s per ro t a t iona l  l i n e ,  which f o r  t h e  band 

h 1.573 IJ. i s  0.04 cm-l (m atm)-' 
I 1 

1 

ii':' 
-
-

.-Q 
+- b L r - c 

Fig.51 Qu iva len t  Width of t h e  Tel lur ic  
Band h 1.573 IJ. a s  a Function of Air Mass, 
according t o  Observations of (a )  t he  Sun, 

(b) t h e  Moon, (c)  Mars. 
For observations of Mars t h e  mean-square 
e r r o r  i s  given(CrimeanObservatory, 

April  6 1965) . 
about 1%. 

, 
on t h e  assumption t h a t  t h e  amount 
of CO2 above the  observation s i t e  
w a s  24.0 cm atm a t  zenith. For 
l a rge  a i r  masses, t he  theo re t i ca l  
curve plot ted as a r e s u l t  of nu
merical in tegra t ion  i s  sat isfacto
r i l y  represented by the  function 
(1.62). With a decrease i n  t e w  

Rue d 
perature the  quant i ty  -in-

W 
creases, but t h i s  i s  accompanied 
by a change i n  s c/3 and A W C  

i s  proportional t o  T-"" ac
cording t o  eq. (1.46)l. A t  low 
temperatures, Rmed can be calcu
l a t ed  from eq. (2.22) with a cor
r ec t ion  taken from Table 23, on 

-
P 

TTO/ a r e  a s  estab

l i shed  f o r  t e r r e s t r i a l  tempera
tures .  Considering tha t ,  a t  t h e  
e f fec t ive  l e v e l  of formation of 
t h e  l i n e s  i n  the  t e r r e s t r i a l  atmo
sphere ( leve l  corresponding t o  /116
P = 0.5 a t m ) ,  t h e  temperature i s  
24.0 - 250°K, it i s  conceivable 
t h a t  t h i s  correct ion i s  only 

Assuming t h a t  a = 0.07 cin-l , s = 0.04 cm", Wd = 16 1, we f ind  with t h e  a id  
of Elsasser fs  model [eqs. (1.56) and (1.58) when neglecting overlap o r  eq. (1.62)
when taking overlap i n t o  account] t h a t  (uMP) = 1823 m a t m  mb f o r  t h e  h 1.6 p 
band, whence PI = 22 mb. Similar calculat ions f o r  t he  2.05 p band y ie ld  P1 = 
= 33 mb. The value of P1 i s  calculated on t h e  assumption t h a t  COZ i s  a minor 
consti tuent of t he  atmosphere and self-reversal  broadening of t h e  l i n e s  plays no 
role .  In our opinion, t h e  estimate P1 = 22 mb (or, on t h e  average, x )  mb) seems 
more r e l i a b l e  s ince the  h 2.05 P band i s  overlapped by the  neighboring C02 
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A 2.01 p band and it is precisely this that accounts for the higher value of P1 
calculated for the equivalent width A 2.05 p. Moreover, the correction for line 
overlap in the case of the A 2.05 p band is comparatively large (cf, Table 19.)
and the error of this correction also may influence the value of PI. 

Thus, if COZ is a minor constituent and the entire remaining atmosphere con
sists of nitrogen, then we have P1 = 20 f 5 mb and the relative concentration is 

c = - 28 = 0.13. Here, m is the mass of the vertical column of COz (m = u 
= 11 gm cm-2). 

If an allowance is made for self-broadening, then PI must be higher. More
over, the mean molecular weight of the atmosphere is actually greater than 28. 
Let us calculate P1 and c taking self-broadening and the contribution of COz to 
mean molecular weight into consideration. The correction for self-broadening
will be taken as the mean of the data in Table 9 and the value calculated above 
Ceq. (2-1.!+)1: 

The mean weighted Lorentz half-width is 


and 

Pi  = P1(1+0.5c), 

where P: is the pressure calculated without taking self-broadening into account, 
and PI is the true pressure. The quantities 

mP; = mP1 (I+0.5~)= bl (2.23) 

and m are calculated from observations. On adding here the equation 


e=--- pco, mg 44 c +28 (1 -c )  -- mg (1 +0.57~) 
p1 100OP1 44 1570Pi ’ 

we can determine c and PI separately. The combined solution of eq~~(2.23)and /117
(2.23a) yields 

c = b2- V-bl-3.51, 

where 


b ,  = 2763b1 -1.88 
nt 6 
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and 

p r  = I/ 	 b1g (1 +0.574 
157Uc (1+0.5~) ' 

This may be ve r i f i ed  by means of the formula 

1 

(1 +0 . 5 ~ )(1+0.57~) 


Subst i tut ing b l  = 2X) gm cm'2 mb and m = 11gm cm'2 i n t o  eqs. ( 2 . a )  and 
(2. &a), we have 

c = 0.16, P i  = 18 mb. 

Thus the  correction f o r  self-broadening i s  insignif icant ,  being only a f r a c t i o n  
of t h e  probable e r r o r  i n  t h e  determination of PI. 

It i s  not precluded (cf.Sect.2.3) t h a t  t h e  Martian atmosphere might contain 
a l a rge  proportion of argon. Judging from t h e  findings by Howard (Ref.32), it 
can be assumed t h a t  

and the  presence of argon w i l l  increase P1 and reduce C. However, t he  increase 
i n  P1  w i l l  be in s ign i f i can t ;  even i f  t h e  e n t i r e  N2 i s  replaced by Ar, it w i l l  
not exceed a few mil l ibars .  

Owen and Kuiper (Ref.l6), based on Kuiper's observations of t he  bands near 
h 1.6 pfoundP1 = 17 3 mb, when self-broadening i s  taken i n t o  account. The 
e r r o r  here i s  given without considering t h e  e r ro r  i n  determining uc02. Actually, 
t h i s  i s  of t h e  order of 50%. 

Kaplan, f i c h  and Spinrad (Ref.91) found P1 = 25 f 1 5  mb f o r  t h e  2.05 P 
band. 

During t h e  1965 opposition, a number of American i n v e s t i  a t o m  carr ied out 
new observations of unsaturated C 0 2  bands a t  8600 and 10,470 f. The 10,470 a 
band was  observed f o r  t h e  first time (Hanten). The estimated amount of CO2 f o r  
t h i s  band, naniely ucO2 = 50 - 100 m a t m  i s  in good agreement with eq.(2.5).
Owen obtained ucO2 = 55 f X) m a t m  f o r  t h e  h 8700 A band. For t h e  same band, 
Spinrad found ucO2 = 80 m akin from spectrograms obtained a t  Lick Observatory 
and ucO2 = 84 m a t m  from spectrograms obtained a t  McDonald Observatory. These 
findings were presented a t  t h e  Pasadena Symposium on t h e  Physics of t h e  Moon 
and Planets i n  F a l l  of 1965 and are c i t e d  f r o m t h e  report  by A.D.Kuz"in who at
tended t h e  Symposium. 

Soon after i t s  c loses t  approach t o  Mars, "Mariner I V ' I  passed behind the  ap
parent limb of t h e  Martian disk. The occul ta t ion of  Mariner I V  by Mars l a s t e d  
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35- (Fig.5laY. The l e f t  m i n i ”  i s
307- due t o  the  ionosphere, while t he  
25- ascent of t h e  curve a t  i t s  r igh t
20-- end i s  produced by the  troposphere.
15 
IO The findings during immersion 
5 .- and emersion differed widely. An 

essen t i a l  f ac to r  w a s  t ha t  immersion 

TAE3LE 20a 

PRFSSUREI AND ALTITUDE SCALE I N  THE MARTIAN 
ATMOSPKERE AS A RESULT OF OBSERVATION 

OF THE RADIO OCCULTATION OF W&3INER I V ”  

I 

E n t e r  E x i t  
O c c u l t a t i o n  I ocCu]tation 

A l t i t u d e  s c a l e  a t  s u r f a c e ,  km . . 9 1 1  12*l 
S u r f a c e  t empera tu re  OK 

1 O J %  coz . . . . . . . . . . .  180i20 240520 
89% COz, 2J% Ar . . . . . . .  175f20 235f20 

S r f a c e  p r e s s u r e ,  mb 
I O U %  coz . . . . . . . . . . .  4.9 i0.8 8.4,11.3
80% COz, 20%Ar . . . . . . .  5.2f0 .8  8 . S k l . 3  



These measurements (Ref.78a) yielded ce r t a in  parameters of t h e  lower atmo
sphere (see Table 20). 

The low a l t i t u d e  scale  cannot be re la ted  t o  any appreciable relative con
centrat ion of nitrogen, f o r  which reason COZ and A r  were assumed t o  be t h e  major 
const i tuents  of t h e  atmosphere. The l o w  t o t a l  pressure would ind ica te  a l a rge  
r e l a t ive  concentration of CO 2 whereas, as pointed out above, purely spectro
scopic data  speak i n  favor of l o w  r e l a t i v e  concentrations of this gas. Table X)a 
indica tes  t h a t  t h e  upper l i m i t  of pressure according t o  radio occul ta t ion over
l aps  t h e  lower limit of pressure according t o  spectroscopic data;  these  limits 
correspond t o  approximtely 10 mb. 

What might be t h e  reason f o r  t h e  f a c t  t h a t  t h e  overwhelming majority of 
older findings s t ipu la ted  much higher values of t o t a l  pressure? The old -
photometric and colorimetric - methods a r e  based on i so la t ing ,  i n  some fashion 
or other, t h e  brightness of the  Martian atmosphere f romthe  surface br ightness  
and then ascribing, i n  t o t o  o r  i n  a la rge  measure, the  brightness of t h e  atmo
sphere t o  Rayleigh scat ter ing.  Photometric determinations reduce t o  represent
ing  the  curves of limb darkening by theo re t i ca l  formulas derived on the  bas i s  of 
a number of assumptions, namely t h a t  s ca t t e r ing  i n  the  atmosphere s a t i s f i e s  t he  
Rayleigh l a w ,  t h a t  t h e  surface sca t t e r s  according t o  t h e  Lambert l a w  o r  accord
ing  t o  some other spec i f ic  l a w ,  and so  on. However, t h e  observed curves of limb 
darkening i n  themselves a re  not very r e l i a b l e  because of t he  e f f ec t s  of vibra
t ion ,  d i f f rac t ion ,  aberrations,  s ca t t e r ing  of l i g h t  i n  t h e  emulsion, e tc .  The 
most de ta i led  s tudies  of t h i s  kind took i n t o  account multiple s ca t t e r ing  and a t 
tempted t o  i s o l a t e  t h e  aerosol  component (Ref.97, 98). 

Some authors disregarded t r u e  absorption (Ref -100),while others  attempted 
t o  estimate it from observations (Ref.82). The estimates by de Vaucouleurs 
(Ref.lOl), based on the  var ia t ion  i n  visual contrast  of t h e  dark markings as a 

/1x) 

function of dis tance t o  t h e  center of t h e  disk, presu pose a dust-free atmo
sphere, and so do the  polar iza t ion  estimates (Ref.102 P. I n  the  former method, 
aerosols a r e  expected t o  enhance t h e  observed e f f ec t  and lead t o  an increase i n  
the  mass of the  atmosphere, while i n  t h e  l a t t e r  method, conversely, they a r e  ex
pected t o  lead t o  a decrease i n  t h i s  mass (during dust  storms, polar izat ion de
creases).  Nevertheless, de Vaucouleurs and Dollfus, i n  applying t h i s  method, 
obtained nearly the  same values (92 and 80 mb). Similar values were established 
with photometric methods by V.V.Sharonov [lamb (Ref .103)1 and N.N.Sytinskaya
[46 - 86 mb (Ref.99)I. Based on the  transmission coef f ic ien ts  calculated by 
N.P.Earabashev and 1.F.Timoshenko (Ref.104) as wel l  a s  by V.G.Fesenkov (Ref.97), 
de Vaucouleurs (Ref.5), with t h e  use of photometric methods, established t h a t  
P = 114 and 122 mb, respectively.  Note t h a t  Lyot (Ref.105) who used the  polar i 
zat ion method found a much lower value (24mb) than Dollfus  (Ref.102). N.P. 
Barabashev and B .Ye. Semeykin, i n  t h e i r  1934 study (Ref -106) , a l so  calculated 
from photometric observations a lower pressure (50 m b )  than has subsequently 
been obtained wi th  t h i s  method. It i s  in t e re s t ing  that these  first findings ap
parent ly  were closer  t o  t h e  t r u t h  than subsequent and more de ta i led  studies.  
Specifically,  there  i s  t h e  eminent study by Hess (Ref.107) who obtained a value 
of PI  = 80 mb, on comparing the  theo re t i ca l  formulas f o r  t h e  a l t i t u d e  of forma
t i o n  of convection clouds, known from meteorology, with t h e  observable a l t i 
tudes of Martian clouds. However, t h i s  method, although inherent ly  correct,  i s  
so suscept ible  t o  t h e  var ia t ion  i n  i n i t i a l  parameters t h a t  t h e  r e s u l t s  cannot be 
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ser ious ly  taken i n t o  consideration. Recently A.V.Morozhenko (Ref .107a) proposed 
an in t e re s t ing  modification f o r  t he  polar izat ion method of determining pressure, 
which permits a highly r e l i ab le  exclusion of t he  surface e f fec t .  He found t h a t  
t h e  angle of inversion (the phase angle a t  which t h e  polar izat ion i s  reversed)
i n  the  polar izat ion curves of Mars varies with t h e  wavelength. The moon and 
t e r r e s t r i a l  objects undergo no such variation. I n  t h e  case of Mars, this change 
may be qua l i ta t ive ly  and quant i ta t ive ly  a t t r i bu ted  t o  t h e  share of molecular 
sca t te r ing  i n  the  Martian atmosphere a t  PI M 20 mb. It should be noted, how
ever, t h a t  t h i s  method i s  not f r e e  of the  influence of aerosols (which, depend
ing  on the  p a r t i c l e  s ize ,  a r e  capable of e i the r  reducing o r  increasing the polar
iza t ion) .  

Of a l l  op t i ca l  methods in question, only spectroscopy permits determining 
the  pressure without resor t ing  t o  hypotheses on the  l a w  of l i g h t  sca t te r ing  i n  
the  atmosphere of Mars, t he  properties of i t s  surface, the  t r u e  absorption in 
t he  blue region of t he  spectrum, etc.  Hence, when estimating the pressure, 
there  i s  every reason f o r  preferr ing spectroscopic findings as the most r e l i 

able, notwithstanding the  scarc i ty  of
/121 

TABm 21 

RFLATIVE CONCENTMTION OF C02 A S  A 
FUNCTION OF TOTAL PRESSURE 

__z,
mb I 5 I 10 20 I 30 
-

Re1 a t i v e  C o z  
% 1 io0 1 50 1 13 1 

J ___ 

material. 

Below, we w i l l  assume a pres
sure estimate of 20 f 10 mb i n  some 
cases, s ince t h i s  book had been w r i t 
t e n  p r io r  t o  publication of t he  pro
cessing of the  data on the radio oc
cul ta t ion  of Mariner IV. Currently, 
the  most probable value seems t o  be 
10 mb; 5 mb can be taken a s  the  lower 
limit and 20 mb, as the upper. 

Table 21 gives the  r e l a t ive  
volume concentrations of COZY calcu
l a t ed  f o r  four values of PI:  5, 10, 

20, and 30 mb. The concentrations and pressures were calculated with allowance 
for self-reversal  broadening under the  assumption t h a t  nitrogen i s  the  pr incipal  
consti tuent of t he  atmosphere. 

~Section 2.3 Chemical Composition of t he  Atmosphere 

a )  Possible content of nitrogen and a rm.  It i s  believed t h a t  carbon di
oxide accounts f o r  5 - 50% of the  & r t i a n  atmosphere. Most l ike ly ,  the  Coz con
t e n t  i s  l e s s  than 100%. There a r e  no observational data  on the  other constitu
ents  of the  atmosphere but the  number of possible variants i s  l imited since 
these must be r e l a t ive ly  heavy and chemically i n e r t  gases, 

This could be e i the r  NZ o r  A r .  Argon-40, t he  pr inc ipa l  isotope of azgon 
which i s  present i n  the  t e r r e s t r i a l  atmosphere, i s  formed by @-decay of K i n  
the earth 's  crust .  The amount of Ar40 released from t h e  crust  i n to  the4gtmo
sphere depends on the  r a t e  of s o i l  erosion while t h e  concentration of K i n  t h e  
crust  near t he  surface i s  associated with d i f f e ren t i a t ion  processes i n  deeper 
s t r a t a .  Unfortunately, nei ther  nitrogen nor argon can be spectroscopically iden
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Lower Upper

L i m i t  Ve an L i m i t  valid,  then argon r a the r  than ni t ro- 


20 
2 

30 
1.5 

t h e  atmosphere. The r e l a t i v e  concen-
t r a t i o n s  of C 0 2  given i n  Table 22 are 

18 19 somewhat lower than found above 
2 2 (Table 21). 
- 9.5 
16 26.5 b)  OxyRen and ozone. Carbon di-

o d d e  was- discovered i n  t h e  atmosphere 

t h e  r e l a t i v e l y  l o w  resolving power avai lable  i n  t h e  infrared spectrum region, 
accessible only t o  photovaristors,  nothing fur ther  can be done i n  t h i s  direction. 
Ln t h e  photographic in f r a red  region (1 < 11,000 1) t h e  much more sens i t i ve  Dop
p l e r  s h i f t  method can be used. This method i s  based on t h e  premise t h a t  t h e  ab
sorption l i n e  formed i n  t h e  f i r t i a n  atmosphere must be displaced with respect t o  
t h e  t e l l u r i c  l i n e .  Consequently, given a l a rge  resolving power, t he  & r t i a n  
l i n e s  can be detected even when they a r e  hundreds of times less intense than t h e  
t e l l u r i c  l i n e s  of t he  same gas. This method has been applied i n  repeated at
tempts t o  detect  e l ec t ron ic  bands of 02 i n  t h e  red and near in f r a red  regions of 
t h e  Martian spectrum; however such bands w e r e  never found and it  w a s  possible 
only t o  estimate the  upper Limit of t h e  02 content of t h e  Martian atmosphere. 
The lowest value of t h i s  upper l i m i t  w a s  found by Kaplan, &ch and Spinrad /123
(Ref.91): uo2 < 70 cm a t m ,  i.e., less than 5 X of t h e  02 content of t h e  
terrestrial atmosphere. Kozhevnikov et al .  (Ref.108) attempted t o  raise t h e  es
timate of t h e  upper limit of 02 content i n  t h e  Martian atmosphere by taking pres
sure i n t o  account, but t h i s  apparently stemmed from a misunderstanding since 
Martian l i n e s  are far  from being saturated. 

An i n t e r e s t i n g  p o s s i b i l i t y  f o r  an independent estimation of t h e  upper limit 
of t h e  02 content of t h e  Martian atmospheres was pointed out by Petzold (Ref.109). 
The chain of react ions 

(1) 0, +hv --f 0 + 0 ,  
(2) 0 +- 0 2  +M --f 0, +&I, 
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should lead t o  t h e  formation of ozone i n  t h e  Martian atmosphere. Here, M i s  t h e  
t h i r d  molecule entraining t h e  excess energy and momentum. The first four  reac
t ions  a l s o  govern ozone formation i n  t h e  terrestrial  atmosphere, while t h e  last 
three react ions become s ign i f i can t  when t h e  02 concentration i s  small (< 0.001). 

Figure 52 shows t h e  t o t a l  amount of 03 (reduced thickness, 

&,-, cm.atm 	
i n  em a t m )  as a function of t h e  02 concentration i n  t h e  
atmosphere of Earth and Mars, as calculated by Petzold. 
Kuiper (Ref.&) estimated t h e  upper l i m i t  of 03 content i n  
t h e  Martian atmosphere a t  0.005 cm a t m ,  meaning t h a t  
t h e  upper 1 s t  of t h e  relative concentration of 02 must 
be Assuming a t o t a l  pressure i n  t h e  lvlzrtian atmo
sphere of 100 mb, Petzold found t h e  corresponding upper 
limit of O 2  content i n  absolute units 

The decrease i n  pressure leads t o  a retardat ion i n  t h e  
r a t e  of ozone formation, which will s l i g h t l y  augment t h e  

Fig.52 Total Amount estimate of t h e  upper l i m i t  uo2. 
of 03 as a Function 
of Relative 02 Con- From t h e  viewpoint of t h e  existence of l i f e ,  i t  i s  of 
centrat ion f o r  t h e  extraordinars immsortance t o  know whether t h e  Martian at-
Atmospheres of Earth mosphere abs&bs- u l t r a v i 9 l e t  r ad ia t ion  everywhere through-
and Mars (Ref.109). out t h e  region h < 3000 A as i s  t h e  case fGr t h e  t e r r e s 

t r i a l  atmosphere. In t h e  region h < 1750 A, s t rong ab- & 
sorption of u l t r a v i o l e t  r ad ia t ion  by carbon dioxide t akeso  

place (C02 dissociat ion limit). However, t h e  processes within t h e  1750 - 3000 A 
region a r e  unknown. If t h e  surface i s  not shielded from s o l a r  radiat ion i n  t h e  
given port ion of t h e  spectrum (int h e  t e r res t r ia l  atmosphere such a shield i s  
chief ly  afforded by ozone), then a l l  organic molecules on t h e  Martian surface 
must be dis integrated by t h e  u l t r av io l e t ,  and it i s  doubtful t h a t  any form of 
l i f e  could withstand t h i s .  Early rocket observations by Dunkelman and Bogges 
(Ref.il0) showed t h a t  t h e  u l t r a v i o l e t  albedo of  &rs i n  t h e  neighborhood of 
2700 A i s  f a i r l y  high (0.q). In 1965, Evans (Ref . l lOa) ,  as a r e s u l t  of obser
vations, from a rocket c9rrying a g ra t ing  spectrograph obtained t h e  spectrum of 
Mars i n  t he  2200 - 3400 A region and found t h e  albedo t o  be much smallero( the 
geometric albedo $ncreases smoothly from approximately 0.04 near h 3400 A t o  
0.10 near h 2200 A)  but without any perceptible t r a c e s  of t h e  ozone absorption 
band. Judging from these findings, the content of ozone and oxygen in t he  Mar
t i a n  atmosphere mus: be negl igibly small. The upper l i m i t  of 03 content i s  thus 
of t h e  order of 10- cm a t m .  

What could be t h e  reason f o r  the t o t a l  or almost t o t a l  absence of oxygen i n  
t h e  atmosphere of Mars? Three possible reasons eds t :  1) The oxygen had dis
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sipated from t h e  atmosphere; 2) t he  oxygen w a s  absorbed due t o  oxidation of sur
face rocks; 3) t h e  processes of formation of atmospheric oxygen proceed too  
slowly. Petzold (Ref.109) assumes t h a t  t h e  first p o s s i b i l i t y  holds, i d e e ,  t h a t  
of rapid d i s s ipa t ion  of oxygen. However, a r a the r  strong objection can be 
raised here. Above t h e  l e v e l  of C02 dissociation, t h e  atmosphere of Mars must 
contain a l a rge  amount of  atomic oxygen regardless of t h e  concentration of mole
cular  oxygen in the  lower atmosphere. Were oxygen t o  d i s s i p a t e  rapidly, CO 
would accumulate i n  t h e  planetary atmosphere. However, attempts t o  f ind  the  
CO h 2.35 P absorption band proved unsuccessful (upper limit 1 cm a t m ;  see 
Table 22). It i s  obvious t h a t  t h e  temperature of t he  upper atmosphere of firs 
i s  s u f f i c i e n t l y  low, which would l i m i t  t h e  rate of oxygen diss ipat ion.  Thus, 
t h i s  leaves t h e  other two poss ib i l i t i e s .  If a small amount of oxygen exists i n  
t h e  lower atmosphere of firs, then t h e  ozone l aye r  would d i r e c t l y  adjoin t h e  
surface. This would accelerate  t h e  rate of oxidation react ions and reduce t h e  
equilibrium concentration of oxygen. I n  pr inciple ,a  major source of oxygen may 
be the  dissociat ion of H 2 0  (with subsequent d i s s ipa t ion  of H), but t h e  H20 con
t e n t  of t h e  W r t i a n  atmosphere i s  extremely small (see below). It i s  not im
possible t h a t  t h e  processes of oxygen formation in t h e  Martian atmosphere have 
never been s u f f i c i e n t l y  rapid t o  r a i s e  the  ozone l aye r  above the  surface. A t  /125
present it i s  virtually common consensus t h a t  t h e  oxygen i n  t h e  earth 's  atmo
sphere i s  of biogenic o r i g i n  (Ref.4). The absence of oxygen means t h a t  t e r r e s 
trial-type vegetation on any appreciable sca l e  cannot e ~ s ton &rs. 

e )  Water vapor. The h i s to ry  of spectroscopic search f o r  H2O on Mars covers 
more than ha l f  a century. In 1908, Very (cf. Ref.5) compared the  i n t e n s i t i e s  of 
Ha0 absorption bands i n  t h e  spectra of Mars and Moon and found t h a t  t h e  Martian 
absorption bands are more intense,  which implied t h a t  t h e  amounts of H2O i n  t h e  
atmospheres of Mars and Earth are of a comparable magnitude. However, t h i s  w a s  
not corroborated by subsequent studies. Until  recently, t h e  findings have 
pointed increasingly toward a reduced value of t h e  upper- l imit  of Ha0 covtent, 
i n  keeping with refinements i n  techniques and equipment. These s tudies  were 
based on a method u t i l i z i n g  t h e  Doppler s h i f t .  According t o  Dunham (Ref.l l l) ,  
t h e  H2O content of t h e  Martian atmosphere does not exceed 0.0015 of t h e  amount 
of Ha0 i n  t h e  t e r r e s t r i a l  atmosphere i n  winter above Mount Wilson Observatory 
(i.e. 10 P of precipi ta ted water), but t h i s  estimate did not have a detai led 
analysis  of spectrograms as bas i s  and has been c r i t i c i z e d  repeatedly ( R e f  -112).
In  1957, Kies: e t  a l .  (Ref.ll3) gave a more cautious estimate of t h e  upper limit: 
about 8 X 10- gm cm-2. Spinracj and Richardson (Ref . l ld+)  analyzed the  pro
f i l e s  of Ha0 l i n e s  i n  t h e  h 7200 A band on a spectrogram obtained i n  1962 with a 
dispersion of 3.1 It/", using t h e  122-cm r e f l e c t o r  of Victoria Observatory. The 
spectrogram was obtained on a n  extremely dry night, but t h e  Martian Doppler 
broadening w a s  absent. With t h e  a i d  of g r d h  curves, an upper limit of 3.5 X 
X gm cm-2 or 35 P of precipi ta ted water w a s  established. Spinrad and 
Richardson poivted out t h a t  t h e  8200 A band would reduce t h e  upper limit t o  10 p 
and t h e  11350 A band, t o  4 P. I n  April  1963 Spinrad, &ch and Kaplan ( R e f .  91, 
92), with t h e  250-cm rec l ec to r  of Mount Wilson Obser-tory, obtained a spectro
gram of t h e  H2O h 8200 A band a t  a dispersion of 1.7 A/", which indicated t h e  
presence of weak satel l i tes  of strong t e l l u r i c  l i n e s  of H2O sh i f t ed  i n  d i r ec t ion  
of longer .wavelengths with respect t o  t h e  main component (Fig. 53). Measurements 
showed t h a t  t h e  displacement i s  exactly equal t o  t h e  Doppler s h i f t .  The H2O con
tent  w a s  estimated i n  a preliminary report  (Ref.92), for  5 - 10 p of precipi ta ted 
water. Subsequent analyses yielded a somewhat higher value ( R e f .  91) : 



uH,O =(14+7)p . (2. 

The discovery of water vapor i n  t h e  atmosphere of Mars i n  1963 was a l s o  re
ported by Dollfus (Ref.l15), who found t h e  mean H2O sontent t o  be 2 x gm/cm2 
i.e., 15 times as ’high as t h e  estimate by Spinrad, Munch, and Kaplan. This /1;6
finding seems dubious. Dollfus used the  t o t a l  i n t ens i ty  method. He observed 
t h e  1.38 v. absorption band with a spec ia l  modulation photometer based on an in

terference-polarization f i l t e r .  
T h i s  device was  cal ibrated so  as 
t o  give d i r e c t  readings i n  terms 
of t h e  amount of H 2 0  along the  

/z =822696 l i n e  of s ight .  The observations 
were carr ied out on a dry and cold 
winter night a t  t he  Jungfrau Joch 
Alpine Observatory when t h e  H20 
content of t h e  t e r r e s t r i a l  atmo
sphere d id  not exceed lO-’gm cm-2I 4 8.28202 v e r t i c a l  column. However, t he  
very method of measuring t h e  in
t e n s i t y  of t h e  H20 band with t h e  
a i d  of a f i l t e r ,  a t  such small 
absorption, seems unreliable.  
Minor differences overlooked i n  
t h e  spectrum of Mars and Moon due 
t o  constant f ac to r s  (e.g., t h e  
C 0 2  bands on Mars) may produce a 

Fig.53 Four &O Lines with Weak Martian spurious signal. A t  such an 
S a t e l l i t e  Lines, Shifted i n  Direction of amount of H20, t h e  ro t a t iona l  

Longer Wavelengths. 	 l i n e s  of t h e  h 1.38 p band must 
s t i l l  be saturated and t h e i r  
equivalent width i s  determined by 

the  product Up.  Dollfus assumed t h a t  P = 85 nib. However, i f  we consider t h a t  
t h e  pressure i s  4 - 5 times l o w y ,  Dollfus* estimate must be increased by a 
f ac to r  of 4 - 5, leading t o  10- gm/cm’. The estimate (2.28), obtained f o r  un
saturated l ines ,  seems more re l iab le .  

d)  C02 isotopes and other gases. In addi t ion t o  t h e  bands of t h e  main iso

tope C1201,6 the  spectrum 9; Ers, aslgen&ipged previously (Sect. 2.2, Table 17), 
a l s o  contains the  bands C 0 2  and C 0 0 An analys is  of t h e  r e l a t i v e  iso
tope content i s  d i f f i c u l t  because of t he  l o w  i n t e n s i t y  of these  bands. Within /127
t h e  limits of e r ro r s  of measurey;nt13(indeteginagy of 30 - 40% i n  t h e  value of 
u)  	it may be assumed t h a t  t h e  C / C  and 0 /O r a t i o s  i n  t h e  Martian atmo
sphere a r e  the  same a s  i n  the  t e r r e s t r i a l  atmosphere. Owen and Kuiper (Ref.16) 
assumed tha t  t h e  016/018r a t i o  may be somewhat lower, but they do emphasize the  
t en ta t ive  nature of t h i s  conclusion. 

From the  absence of t he  corresponding absorption bands, other authors 
(Ref.16, 94) estimated t h e  upper limits of t h e  content of molecules of CO, N20, 
NH3, CH4, C2H2, CzH4, CzHs, N02, HCHO, COS, C O C l 2  i n  t h e  Martian atmosphere. The 
“mvalues of t h e  reduced thickness are given i n  Table 22. These were ob-



ta ined on comparison with laboratory spectra o r  with absorption spectra of t he  
terrestr ia l  atmosphere. In addi t ion t o  observations during t h e  1963 opposition, 
described elsewhere (Ref.94), spectra  obtained by US i n  1965 were u t i l i zed .  

The laboratory spectra of C 0 2 ,  N20,  and I% described e a r l i e r  (Ref.9h) were 

6-70(48O<Z<640) 
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Fig.54 Spectrum of Mars 2.8 - 4.1 P, 

Obtained with a Prism Spectrometer with 

Na-Cooled WS Photovaristor. 

Two averaged t r a c e s  (each averaged f o r  

f i x e  o r ig ina l  t races) ,  &rch 9, 1961; 

34 < z d  < 64', ?-mm S l i t s  (Ah 900 A a t  

3.5 P), r a t e  x) A/zec, T = sec, 


Z @  = 55 . 

recorded with t h e  a i d - o f  a iabora
t o r y  model of t h e  d i f f r a c t i o n  
spectrometer provided with a rep
l i c a  grat ing of 300 rulings/" and 
an uncooled lead-sulfide photo-
va r i s to r .  The upper limits of t h e  
hydrocarbon content w e r e  found 
from t r a c i n g  of t h e  Martian spec
trum i n  t h e  region hh 2.9 - 4.1 P 
(Fig.54) obtained with a prism /12q
spectrometer on March 9,1963. The 
upper limit of CH4 content w a s  de
termined f r o m t h e  absorption band 
h 3.3 P by comparison with t h e  
so la r  spectrum, while t h e  estim
a t e s  of t h e  other hydrocarbons were 
based on the a t las  of infrared ab
sorption spectra (Ref 4.).The 
study by Kuiper and Owen (Ref.16) 
w a s  exclusively based on laboratory 
t races .  Quiva len t  paths were mul
t i p l i e d  by t h e  coeff ic ient  l/3 i n  
order t o  make a t  l e a s t  a rough al
lavance f o r  t he  atmospheric mass. 

e )  G t r o a e n  oxides. Kiess, 
Corliss and Kiess (sef.116) found 
a NO2 band a t  6 B O  A on t h e  spec

trograms of Mars obtained with high dispersion, i n  t h e  v i s i b l e  region. A study 
by Kiess, Karrer and Kiess (Ref.117) suggests t h a t  t h e  Martian bands near h 2 P 
and i n  the  region h 3-4 P may belong t o  NO2. With respect t o  t h e  bands near 
h 2 P, t h i s  hypothesis can be rejected a t  once, because of t he  sharp noncoinci
dence of t h e  wavelengths. A s  f o r  t h e  3.45 P band (note t h a t  i t s  e e s t e n c e  i s  
doubtful; c f ,  Sect.2.10), t h i s  can be iden t i f i ed  with NO2 but t h e  amount of NO2 
here i s  no higher than 0.1 - 0.2 cm a t m .  However, t h i s  s u f f i c e s  t o  create  an 
appreciable absorption i n  t h e  blue port ion o f t h e  spectrum. The NO2 molecule 
must polymerize and form N204 a t  s u f f i c i e n t l y  low temperatures 

Kiess, Karrer and Kiess (Ref.ll7) hold t h e  propert ies  of nitrogen oxides re
sponsible f o r  many e f f e c t s  observed on Mars. They regard the  polar  cap as a 
white p r e c i p i t a t e  of N2O4, and t h e  color changes i n  t h e  dark regions as t h e  ef
f e c t s  of chemical conversions of nitrogen oxides. Furthermore, they consider 
t h e  yellow clouds t o  be clouds of NO2 formed as a result of l o c a l  surface heat
ing. Sinton (Ref.ll8) and Huang (Ref.ll9) sharply objected t o  t h i s  interpreta-



TABL;E 23 

CHEMICAL COMFOSITION OF THE ATMOSPHERE OF MARS 

I d e n t i f i e d  

5500 	 I 0.86 I 760 IKaplan(3e;C) a l .  1 260 
I 

55 1 2.11 * Moroz, t h i s  2.6 
book (1965 

2.15 3 
o b s e r v a t i o n s )  

1.4 * 10- 0.82 Kaplan e t  a l .  
( 3 1 )  1 1 

10-2 1.38 3 D o l l f u s  (115) 

I I 6.4.10s 
S p e c t r o s c o p i c  Upper L i m i t s  

0.1 3 .4 Moroz (94)  
70 0.7G ( ap lan  e t  a l .  1.G.105(31)

2 2.35 7G0 hloroz, t h i s  0.1 

book (1965
o b s e r v a t i o n  

1 2.35 760 Owen and 
Kuiper  (16)  

0.8 2.10 30 Owen and 0.4 

2 2.15 700 
Kuipe r  (16) 

Moroz (94)  -0.3 2.2- 2.3 IC0 Owen and 
Ku ipe r  (16)  

0.3 2.2 -2.3 763 Moroz 194) 
0.1 3 . 3  Moroz (94 )  1.6 
0.1 1.25 -2.3 * Owen and -

Kuiper  (16)  
0.03 2.9 59 hloroz (94) 

-0.03 3.1 87 Moroz (94) -
-7.5 1.58 760 Owen and 

Kuiper  ( 16) -20 1.79 1030 Owen and 
Ku ipe r  (16) -0.3 2.27 760 Owen and 
Ku ipe r  ( 16) -

0.02 3.' 50 Moroz (94 )  

0.2 2.44 760 Uwen and 
1 Kuiper  (16) 

x 
" Estimated from telluric lines. 

tion. The spectrum and polarization of the polar caps are in good agreement with 

those of frozen water. 


The presence of water vapor in the lkrtian atmosphere has been spectro
scopically demonstrated, and the amount of HzO thus determined is in satisfactory 
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agreement with t h e  amount calculated from the equilibrium with t h e  polar  caps 
and with t h e  nocturnal p rec ip i t a t ion  of hoarfrost. Had t h e  polar cap consisted 
of so l id  N204, it would have been enclosed i n  dark conglomerates of absorbing 
gaseous nitrogen oxides, whereas a c t u a l l y t h e  polar  cap i s  t h e  b r igh te s t  f ea tu re  
of t h e  Ma,rtian disk. The yellow clouds follow t h e  polar  caps in brightness and 
cannot represent accumulations of an absorbing gas. The dark bands o r  b e l t s  ob
served during the  melting of t h e  polar  caps cannot consis t  of l i q u i d  nitrogen /130
dioxide, because t h e  p a r t i a l  pressure of vapor above this l i q u i d  would be about 
230 mb which i s  an order of magnitude greater  than t h e  t o t a l  atmospheric pres
sure. Kiess, Karrer and Kiess (Ref.lX)) i n s i s t ed  on t h e i r  hypothesis, r e f e r r ing  
ch ie f ly  t o  spectroscopic proofs of t h e  presence of Noz. Sagan (Ref.121) made de
t a i l e d  s tud ie s  of avai lable  observations and concluded t h a t  t h e  NO2 content of 
t h e  % r t i a n  atmosphere i s  less than 1mm atm.  The spectrum by Kiess (Ref.ll6) 
apparently i s  associated with a 'temporary r i s e  i n  t h e  NO2 content of t h e  ter
restrial  atmosphere above the  s i t e  of observation. In Sagan's opinion, 
Martian phenomenon t h a t  can be a t t r i b u t e d  t o  No2 i s  t h e  blue haze (cf. 

_-Section 2.4 Temperature of t h e  Martian Surface 

a) Effect ive temperature. The greater  p a r t  of information on t h e  surface 
temperature of -Mars derives  from measurements of t h e  i n t e n s i t y  of t h e  character
i s t i c  radiat ion i n  t h e  transparency window 8 - I4 P. Recently, t h e  brightness 
temperature has been measured on centimeter waves. The atmosphere of Mars - ex
cept f o r  two r e l a t i v e l y  narrdw i n t e r v a l s  near h 4.3 and h 15 P (C02 absorption 
bands) - should be transparent t o  t h e  thermal r ad ia t ion  of t h e  surface and ap
parently has p r a c t i c a l l y  no influence on t h e  daytime temperature of t h e  surface. 

If we disregard t h e  thermal conductivity of t h e  s o i l  and t h e  atmospheric ef
f e c t ,  t h e  temperature a t  any point on t h e  surface w i l l  be determined from t h e  
equation of instantaneous balance between absorption and emission. For t h e  
point above which t h e  sun i s  a t  zeni th  (subsolar point) ,  we have 

where the  notation i s  t h e  same as i n  eq.(1.35). Figure 55 gives the  wavelength-
BCFdependence of t h e  quant i ty  -, obtained from observations by various authors 
Eo 

(& i s  t h e  brightness a t  opposition, averaged over t h e  disk).  I n  t h e  region 
h < 0.9 P, t h e  absolute figures on t h e  geometric albedo calculated by Woolley 
(Ref.122) and Harris (Ref.66) w e r e  u t i l i zed .  I n  t h e  region hh 0.8 - 4 P, only
t h e  curves of r e l a t i v e  energy d i s t r i b u t i o n  (Ref.16, 94, 123) a r e  avai lable;  how
ever, s ince they adjoin t h e  short-wave portion, t h e  absolute scale  can a l s o  be 
determined i n  t h i s  region. I n  t h e  region h < 2.5 p, we have 



-
(here, p i s  t h e  geometric albedo, Bc7 i s  t h e  mean brightness of t h e  disk) ,  but 
as soon as h > 3 thermal radiat ion w i l l  become a d e f i n i t e  factor .  Woolleyspeci-

/131 
f i e d  t h e  f a r thes t  long-wave point a t  h 6360 1, i n  which Q = 1.30. For t h e  infra
red region, we w i l l  assume t h a t  

Q = Q (6360A) = 1.30. 

With t h e  a i d  of t h e  curve i n  Fig.55 eq. (1.116) 

A; = 0.26 
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y i e l d s  

However, it should be noted t h a t  
t h e  curve of p(h) was  p lo t t ed  
only t e n t a t i v e l y  and t h a t  t h e  ac
cepted hypothesis on Q i n  t h e  in
frared region may be far from re
al i ty .  

Table 2& gives t h e  theoret i 
c a l  e f f ec t ive  temperatures calcu
l a t e d  from eq. (2.29) f o r  t h e  sub-
s o l a r  point,  as we l l  as t h e  mean 
temperatures f o r  t h e  illuminated 
hemisphere and t h e  average tem
peratures fo r  t h e  entire surface 
of t h e  planet. 
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THEORETICAL TEMPERATURES OF MARS 

Aphelion 

Mean d i s t a n c e  


The brightness temperature i s  below t h e  r e a l  surface temperature T a r  
since the  emissivity i s  1. Opik (Ref.EE2) assumes t h a t  t h e  emissivity of /133
t h e  Martian surface i s  = 0.75, based on data on t h e  radiat ive properties of 
rocks. Of course, t h e  r e a l  value of 8 i s  unknown; however, t o  i l l u s t r a t e  t he  
possible effect  of t h e  corresponding correction, Table 25 a l s o  gives the  temper
a tu re s  Ts calculated f romthe  premise t h a t  � = 0.75. 

TABLE 25 

TEMPERIITURES OF MARS ACCORDING TO PETTIT AND 
NICHOLSON (REF J 2 5 )  

1 Subsolar  P o i n t  1 Limb 

T ,  .'K 

(C  - 0.76) 


P e r i h e l i o n  . . - . . 300 322 279 300 
Aphelion . . . . . 273 
Mean d i s t a n c e  ... 286 ::i I g i i  1 %; 

The observations by P e t t i t  and Nicholson (Ref.125) as well  as by Coblentz 
and Lampland (Ref.126) extended over many years, beginning with 1923 - 192!+. 
P e t t i t  and Nicholson worked with t h e  250-cm r e f l e c t o r  a t  Mount Wilson Observatory, 
while Coblentz and Lampland worked with t h e  ll2-cm re f l ec to r  a t  Lowell Observa
tory. Both teams used vacuum thermocouples a s  sensor. To d is t inguish  between 
thermal and ref lected radiation, t h e  measurements were performed w i t h  a glass or 
water f i l t e r  (which gave t h e  i n t e n s i t y  of only t h e  ref lected radiation) and with
out a f i l t e r  ( t o t a l  radiat ion) ,  a f t e r  which one was deducted from t h e  other. 

Despite t h e  s h 5 . l a r i t y  of t h e  methods used, t h e  r e s u l t s  by P e t t i t  (Ref.125) 
and Coblentz (Ref.126) a r e  contradictory i n  some respects. The Lowell observa
t ions,  i n  contrqst t o  t h e  Mount Wilson observations, show t h a t  t h e  temperature /13k 
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maximum does not coincide with t h e  subsolar point and ac tua l ly  occurs 1- 1% hrs  
af ter  midday (Fig. 56a). 

ZZUI ' ' 
9Uo 6U 30 U 30 ED 9Uo 
Evening Noon Dawn 

Fig.56 Mean Course of Temperature 
along the  Martian Equator, Diurnal 
Temperature Course (a) (according 
t o  Observations by Coblentz and 

Lampland). 
Next t o  each point, t h e  number of 
averaged observations i s  given. 
Curves b and c - diurna l  tempera
t u r e  course i n  the  Gobi deser t ,  i n  
t h e  ground and i n  a i r  2 m above 

the  ground surface (Ref .lS) 

L IX 

Local t i m e  

Fig. 57 Theoretical  and Observed V a r i 
a t ions  i n  t h e  Temperature of t h e  Bright 
Regions of Mars on t h e  Equator. 
a - Observations on July 20, No.8; 
b - Ju ly  21, No.9 (cf. Fig.62). 

Originally, it w a s  assumed tha t  t h e  random e f fec t s  associated with t h e  posi
t i o n  of t h e  dark and l i g h t  areas  might be responsible f o r  t h i s  displacement of 
t h e  maximum i n  the  d iurna l  temperature course. To ve r i fy  t h i s ,  a f f o r d  (Ref.l2E!) 
plot ted t h e  d iurna l  course f o r  a l l  these  observations, whegever the  longitude of 
t h e  cent ra l  meridian was within t h e  limits from 100 t o  300 (br ighter  s ide)  and 
separately f o r  a l l  o ther  cases (darker s ide) .  The results were t h e  same. It 
w a s  a l s o  shown t h a t  t h e  dimensions and shape of t h e  sens i t ive  surface do not 
markedly d i s t o r t  t h e  amplitude and phase of t h e  d iurna l  curve. 

It i s  in t e re s t ing  t o  note t h a t  t h e  noon temperature of t h e  atmosphere a t  a 
height of a few meters may be appreciably lower than a t  t h e  surface. To i l l u s 
t r a t e  t h i s ,  Fig.56b and c gives t h e  curves of t h e  d iurna l  temperature course f o r  
t he  ground and for a i r  2 m above the  surface of t h e  Gobi Desert. A t  noon, t h i s  
temperature difference may exceed 2 0 O C .  A t  t h e  same time, a comparison of t h e  
curves (a) and (b) i n  Fig.56 shows t h a t  t h e  d iurna l  temperature var ia t ion  of t he  
Martian surface i n  t h e  equator ia l  zone i s  much br2ader than on Earth. During 
daylight, t h e  var ia t ion  i n  temperature exceeds 50 C; t h e  nocturnal temperatures 
have not been measured. Some idea on nocturnal temperatures can be obtained /135
from t h e  sequence of t heo re t i ca l  curves i n  Fig.57. 
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Figure 58 gives the  mean temperatures along the  meridian f o r  various Martian 
seasons. The seasons p e r t a i n  t o  the  Southern Hemisphere. Spring i s  construed 

ro' o x i r i n g  I I I I 1 I I ' 

+Summer I 

Autumn I* W i n t e r  
280 

260 ; 
I 

Z 9 ( y 0 . - A  - 1 1 - I . - I  I 1 1 - I , 
F0 30 L7 30 -&60 YO0 

South  Equator N o r t h  

Fig.58 Mean Temperature Course along the 
Martian Noon Meridian fo r  Various Seasons. 
Next t o  each point, t he  number of aver
aged observations i s  given [ (Ref .IS), 
a f t e r  observations by Coblentz and Lamp-

land]. 

as the  in t e rva l  f romthe  vernal 
equinox t o  t h e  summer so ls t ice ,  
and so  on. The winter curve i s  
based on scanty and insuff ic ient
l y  precise data obtained during 
the  unfavorable oppositions of 
1935 and 1937 and does not seem 
re l iab le .  The %agr1 i n  the  
spring curve ( l a t i t ude  16's)
a l so  may be unreliable,  i n  which 
case the real curve would cor
respond t o  t h e  broken curve. 
E f f o r d  considers t h i s  as rea l ,  
s t a t i n g  tha t  t h e  majority of t he  
spring observations correspond
ing  t o  this point per ta in  t o  the  
br ight  Hellas area. Gifford as-
s u e s  t h a t  t h e  br ight  areas  a re  
colder since they represent ele
vated plateaus, but t h e  d i f fe r 
ence i n  albedo a l so  may account 
f o r  t he  temperatur: difference 
of t he  order of 10 K between dark 
and br ight  areas. It could be 
tha t ,  by analogy with the  d iurna l  
course, t he re  a l s o  ex i s t s  an an
nual l a g  i n  temperature; however, 

f o r  t he  summer season t h i s  l a g  seemingly does not exceed three  weeks and its ex
i s tence  does not appear wholly evident. 

/136
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Fig.59 Mean Temperature Distr ibut ion on Mars during 
t h e  Summer in the  Southern Hemisphere (Ref.128); 

from Observations by Coblentz and Lampland. 



Fig.60 A s  i n  Fig.59, for  Autumn i n  t h e  Southern 
Hemisphere. 

On t h e  bas i s  of ea r ly  (1923 - 19%) observations by Coblentz and Lampland, 
Hess (Ref.107) plotted a chart of Martian isotherms f o r  t h e  summer season. G i f 
ford repeated t h i s  operation on t h e  basis  of more voluminous data (1926 - 1943) 
f o r  summer, autumn, and winter i n  t h e  Southern Hemisphere; t h e  data on t h e  spring 
season proved t o  be insufficient.  These charts a r e  compiled according t o  sec
t ions  along t h e  central  meridian. They show (Figs.59 - 61) a large number of de
ta i ls  some of which can be iden t i f i ed  with t h e  better-known regions of Mars. /137 

Fig.61 A s  i n  Fig.59, for Winter i n  t h e  Southern 
Hemisphere. 

For example, t he  290' isotherm forms a cha rac t e r i s t i c  e l l i p s e  on t h e  s m e r  chart 
i n  t he  neighborhood of Mare Cimmerium, while t h e  280' isotherm out l ines  the  con
tou r  of Syrt is  Major. On t h e  autumn and winter charts,  f i r e  Cirmnerium shows as 
a r e l a t ive ly  cold area, which apparently points t o  t r u e  seasonal temperature 
var ia t ions i n  t h i s  region. In a number of cases, t h e  "aon the  isotherm 
charts  a r e  associated wi th  atmospheric c i rculat ion r a the r  than with t h e  radiat ion 
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charac te r i s t ics  of t h e  individual  regions. 

The summer temperatures (Fig.59) measured by Coblentz and -land per ta in  
t o  the  oppositions immediately following the  favorable opposition (1926 and l928), 
but t he  corresponding "um temperatures a re  somewhat lower than those estab
l ished by P e t t i t  and Nicholson (cf. Table 25). Sinton (Ref.%, 127) used an ap
paratus he had developed i n  collaboration with Strong (an optico-acoustic con
ve r t e r  and a s i l v e r s u l f i d e  f i l t e r  passing radiat ion of wavelengths ?L > 5 /L) and 
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~ i g . 6 2  Brightness Distribution over t he  Martian Disk. 
Observations by Sinton and Strong on J d y  20,1954. 

(Ref. as) 

investigated,  with the  250-cm ref lec tor ,  t he  brightness d i s t r ibu t ion  of thermal 
radiat ion over the  Martian disk during the 1954 opposition (Fig.62). The obser
vations were carr ied out with a resolut ion of 1.5". The maximum temperatures 
found by Sinton a r e  close tr, 300°K, i.e., a r e  c loser  t o  the  P e t t i t  and Nicholson 
resu l t s .  Sections 10 and 13 i n  Fig.62 in t e r sec t  t he  dark region Sinus M e r i d i d  
where a l s o  some increase i n  brightness, corresponding t o  an 8 temperature r i se ,  
i s  observed. O f  i n t e r e s t  a l so  a r e  Sections 2 and ll which in t e r sec t  a yellow 
cloud and, i n  the  corresponding area, ind ica te  a decrease i n  brightness. Accord
ing  t o  these sections,  t h e  cloud temperature must be 25OC. 

Sinton (Ref.127) compared his experimental curve of d iurna l  temperature vari
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a t i o n s  with t h e  t h e o r e t i c a l  curve calculated f o r  a planet lacking an atmosphere, 
taking the  thermal conductivity of t h e  ground i n t o  consideration. The planetary 
surface i s  assumed as flat, semi-infinite, and homogeneous. Allowance i s  made 
f o r  t h e  equation of thermal conductivity 

where t i s  the time; z i s  a l i n e a r  coordinate reckoned from t h e  surface; k i s  
the  coefficient of heat conduction; P i s  t h e  density;  c i s  t h e  spec i f i c  heat. /139
The heat flux due t o  t h e  thermal conductivity of t h e  ground i s  

F = k - .dT 
dz 

The following condition i s  satisfied on t h e  surface 

a T 4 = I + F ,  

where oT4  i s  the  radiated energy; I i s  t h e  energy received from t h e  sun. It i s  
assumed t h a t  

2xtI = (1-A )  E COS p 9 

where P i s  the  r o t a t i o n  period. For known values of P and A, t h e  theory gives a 
s e r i e s  of curves T ( f ) ,  dependent on (kpc)" which i s  t h e  combination of surface 
propert ies  known as thermal i n e r t i a  (fig.57). figure 57 shows t h a t  t h e  observa
t i o n a l  data agree b e s t  with t h e  curve corresponding t o  (kpc)l'a = 0.004 with re
spect t o  phase and with t h e  curve corresponding t o  (kpc) 112 = 0.01 with respect t o  
amplitude. For t e r r e s t r i a l  rocks, t h e  thermal iner t ia  i s  close t o  0.05, while 
fo r  sandy and dusty s o i l s  it i s  close t o  0.01. It mst be borne i n  mind t h a t  t h e  
atmosphere reduces t h e  amplitude of d iu rna l  temperature f luctuat ions and s h i f t s  
t he  phase such t h a t  t h e  value of thermal iner t ia  (kPc)"/" = 0.004 - 0.01 estab
l ished f o r  Mars becomes a ma- while, i n  r e a l i t y ,  it should be lower. Hence, 
t h e  Martian surface o r  a t  least  i t s  major port ion i s  covered by finely pulverized 
material .  Polarimetric and spectroscopic observations, pointing toward a simi
l a r i t y  of t he  Martian surface cha rac t e r i s t i c s  with t h e  cha rac t e r i s t i c s  of f i n e l y  
pulverized l imonite (cf. Sect. 2.9), do not contradict  t h i s  conclusion. Coblentz 
assumed that ,  by a n a l o m  with t h e  earth,  Si02 i s  t h e  p r inc ipa l  consti tuent of 
Martian rocks and he even introduced i n t o  h i s  measurements a correction f o r  t h e  
decrease i n  emissivity i n  t h e  region of t h e  known band of specular r e f l e c t i o n  of 
quartz a t  A 8.8 P. On t h e  spectra of &rs i n  t h e  Ah 8 - 13 P region, d i r e c t l y  
recorded by Sinton and Stron (Ref.&) with t h e  a i d  of a 5-m r e f l ec to r ,  t h i s  band 
w a s  not detected (see Fig.48 7 In  t h e  emission spectrum of Mars such a band 
should be an absorption band. However, van Tassel and Salisbury (Ref.12q) showed 
tha t ,  f o r  quartz i n  a s u f f i c i e n t l y  finely divided state ( p a r t i c l e s  a few microns 
i n  s i ze ) ,  t he  A 8.8 P band v i r t u a l l y  disappears. Coblentz' correction w a s  s u p e r  
fluous, but t h e  spectra given by Sinton and Strong cannot be regarded as a proof 
of t he  absence of Si02 i n  any amount f r o m t h e  surface of Mars. It i s  present ly  
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possible  t o  increase the  accuracy of measurement of Martian temperatures by /lko
using cooled v a r i s t o r s  and bolometers, a s  wel l  as t o  obtain a spectrum with a 
higher resolut ion i n  t h e  region hh 8 - 13 P, but so far this has not been done. 

c )  Radio e a s s i o n  of Mars. Radio emission of Mars w a s  first discovered by 
b y e r ,  	MccUlough, and Sloamker during the  .favorable 1956 opposition a t  h 3.15cm 

(Ref.130) The averaging of 70 dis
c re te  t r a c e s  yielded a brightness tem-

TABLE 26 	 perature of Ta = 218 f 50 K f o r  t h e  
disk as a whole. In 1958, observa-

RADIO EMISSION OF MARS 	 t ions  with F e a t e r  s e n s i t i v i t y  gave 
TB 2U f x) K (Ref.131, 132). In 
1962, Drake found TB = 177 * 17'K 

L cm I T n . O K  I References from rad io  emission a t  X 10 cm 
(Ref J33) Thus, t h e  brightness tea

3.15 
I 

218 * 50 hlayer e t  al .  (Ref. 130) peratures  obtained i n  t h e  centimeter 
3.14 211 -+ 20 Giordmaine e t  al. (Ref. 131) range a r e  lower than i n  t h e  infrared 

10 177 -+ 17 Drake af ter  (Ref. 133) region. It seems tha t ,  a t  t h e  effec
21 1124 -+ 50 Davies (Ref. 134) t i v e  l e v e l  of formation of centimeter6 192 28 Kellerman (Ref.135) radio waves which occurs a t  a depth11 162 k 18 >> 

21 190 + 41 0 of several  h ,  the  d iurna l  temperature 


f luc tua t ions  a r e  much smaller than a t  
t h e  surface and the  radio temperature 
i s  c loser  t o  t h e  mean temperature of 
the  planet as a whole, whereas t h e  

inf ra red  temperature per ta ins  t o  t h e  illuminated hemisphere. A similar situa
t i o n  ex i s t s  with respect t o  radio emission of t he  moon. 

A t  t h e  1964 Congress of t he  Internat ional  Astronomical Union Davies (Ref.134) 
reported t h a t  the  brightness temperature of Mars i s  much higher a t  A 21 cm (TB = 
= ll4O k T O O K ) .  He in te rpre ted  h i s  observations, by analogy wi th  Jupi te r ,  a s  
t he  e f f ec t  of strong nonthermal radio emission of high-energy electrons captured 
i n  the  rad ia t ion  b e l t s  of %rs. However, f 'urther observations did not confirm 
t h i s  finding. Kellerman (Ref.135), a t  h 6, 11, and 21 cm obtained temperatures 
t h a t  were i d e n t i c a l  within the  e r ro r  limits (cf.  Table 265 and were close t o  
x)O°K. 

Section 2.5 Clouds-and W i n d s ; .  Gener& Circulation /Irs 
Figure 63 presents high-quality photographs of Mars obtained a t  a calm 

Martian atmosphere. The v i s i b i l i t y  of the  dark markings of ten  de te r iora tes  owing 
t o  cloud formation. Several types of Martian clouds are distinguished depending 
on t h e  color f i l t e r  through which they can bes t  be seen: yellow, white, and blue. 

White and blue clouds a r e  f a i r l y  s imilar  i n  t h e i r  conditions of formation 
and probably a l s o  i n  t h e i r  physical  properties,  while t h e  yellow clouds a r e  
markedly d i f f e ren t  . 

De Vaucouleurs (Ref.5) cal led the  white and blue cloud formations llclouds 
of type 111 and the  yelluw formations lklouds of type 211. Slipher (Ref.86) and 
Gifford (Ref.136) e s sen t i a l ly  adhered t o  t h e  same c lass i f ica t ion ,  emphasizing 
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8'2'5' u.7; R 
July 75 M.C. JuZy 75 /A  c. Juq 9M.C 

Fig.63 Photographs of Mars Obtained a t  
a Calm Martian Atmosphere (Ref.86) 

tude of the  yellow clouds i s  i n  agreement 
Sect. 2.7). 

t he  s imi l a r i t y  between w h i t e  and 
blue clouds. A l l  these types of 
clouds a r e  br ighter  than the  back
ground against  which they appear. 
Dark cloud formations a r e  r a r e l y  
encountered on Mars. 

Yellow-orange clouds a r e  ob
served throughout t h e  disk,  while 
whitish and b lu ish  clouds normally 
a r e  observed i n  the  neighborhood 
of t he  limb and terminator; these 
might be cal led 'rlinib" clouds, 
a f t e r  Gifford. Extending t o  the  
terminator, t h e  clouds j u t  out i n  
tongues whose length can serve a s  
a c r i t e r i o n  f o r  determining t h e i r  
a l t i t ude .  The .a l t i tude  of t h e  & 
yellow clouds i s  5 - 10 km and 
t h a t  of t h e  blue and white clouds, 
10 - 30 km going sometimes as high 
as 50 km. The r e l a t ive ly  low a l t i 

with t h e  a l t i t u d e  of t h e  convection 
zone (cf. 

T A B B  27 

FREl&UEI\CYOF OCCURRENCE OF 
MOVING MARTIAN CLOUDS A S  A 
FUNCTION OF THE LATITUDE OF 
THEIR OBSERVATION (REF J 3 6 )  

~~ 

60" G 
50.- 59 
40 -49 G 
30-39 19 
20-29 G 
10-19 31 
0-9  31 

(16 cases) 

W t e  and blue clouds a r e  most of ten  ob
served on the  morning side,  but there  ex i s t  
some spec i f ic  regions over which clouds of 
this type occur i n  the  evening [groups of 
W-shaped clouds i n  the  region of Tharsis i n  
the  neighborhood of Lacus Phoenicis (Ref .86) ; 
(Fig.64)l. The l i f e t ime  of t h e  yellow clouds 
i s  long and t h e i r  presence has nothing t o  do 
with any pa r t i cu la r  time of day. On measuring 
t h e i r  displacement from night t o  night it i s  
possible t o  estimate t h e i r  mean r a t e  of motion 
which i s  8 - 10 m/sec (Ref.136), i.e., m c h  
slower than t h a t  of t e r r e s t r i a l  clouds 
(30 m/sec). Occasionally, however, they 
t r a v e l  a t  speeds t h a t  a r e  several  times as 
high 

A s t a t i s t i c a l  ana lys i s  performed by Gif
ford (Ref.136) showed t h a t  yellow clouds oc
cur most of ten  i n  the  equator ia l  regions. 
Blue clouds a r e  ch ief ly  located i n  t h e  tem

perate  l a t i t udes  (Table 27 and 28). 

Similar analyses show tha t  yellow clouds occur i n  regions of the  highest 
temperature and blue clouds i n  r e l a t ive ly  cold regions. 

Clouds may form by two different  Processes: a) condensation of some gaseous 
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Fig.64 Chart of Mars according t o  Slipher (Ref.86). 
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TABU3 28 

AS I N  TABLE 27, FOR THE LATITUDE 
OF THEIR LAST OBSERVATION 

(m.136) 

~ ~ ~~ 

Limb" 
or S o u t h )  

60" 
50 - 59 

G- 5 
5 

40 -49 12 50 
3.)-39 
20 -29 

25 
3 1' 

10 
10 

10-19 19 15 
0-9 G 5 

I (16 cases) 1 (20 cases) 

TABU3 29 /IWL 
FREQUENCYOF OCCURRENCE OF MOVING 
MARTIAN CLOUDS AS A FUNCTION OF 
MEAN SEASONAL TEMPERATURE AT THE 
FIRST OBSERVATION POINT (mL36) 

T. Yellow Clouds,  "Limb" 
Clouds,  % 

2'10-249 
250-259 

G- 10 
30 

2G0-269 
270-279 

12- 10 
40 

,260-289 
29C-299 

27 
44 

10-

I (16 cases) 1 (20 cases) 

%O ' ' 1 1 1 
___  

' 
__ chemical composition of t h e  Martian atmosphere

+40 - I .I-- (Table 23) implies t h a t  HzO and Cos are the  most 
l og ica l  mater ia ls  f o r  blue and white clouds. In --+3u Section 2.7 it w i l l  be shown t h a t  t he  condensa<. *:. - t i o n  of HzO i s  a more probable cause of t he  for

+zu -
*. ..'. - mation of rEmbl '  clouds than COz. White clouds 

- give roughly t h e  same polar iza t ion  as t e r r e s t r i a l  

+70 	 - fogs of i c e  pa r t i c l e s ,  while t h e  polar izat ion of-
blue clouds resembles t h a t  of water droplets  of-
a diameter of about 3 p (Ref.102). The polari____----~0 :: zat ion curve ( r e l a t ion  of degree of polariza- ,&& 

*:A t i o n  t o  phase angle) of white clouds i s  given i n  
-70 -.* - ~ig.65. It should be noted, however, t h a t  polar

- 8:. *. - i za t ion  observations i n  a s ingle  wavelength can

-20- ' r f '  - not be considered a d e f i n i t e  proof s ince they do. 
I I I I I I l l 8 not admit of an unambiguous in te rpre ta t ion .  



gous t o  pa r t i c l e s  of blue and white clouds, this could r e su l t  i n  an appreciable 
excess brightness and polarization. 

9 194JOcL 3 L247O 7a 794JOct. 4 A6P 7%79430ct. 52235' 
7Zh51mAug2 M C. 73 hZBm1% C 73hZUmM.C. 

Y Y Y 

Fig.66 Growth of Yellow Cloud on Oct.13-16,1958 (Ref.86) 
1- Oct.13, cloud appears i n  the region of I s i d i s  (northeast-of S y r t i s  
Major); 2 - Oct.14, cloud moves northward (regions of Toth-Nephentes, 
Libia);  3 - Oct.15, cloud spreads eastward; 4 - Oct.16, cloud enters  
t he  region of Hesperia (Ref .86) For comparison, photographs taken 
i n  l9& and 1943 near t he  same longitudes of t he  cent ra l  meridian 

a r e  shown. 

Yellow clouds readi ly  occur i n  daytime and tend t o  appear i n  the  warmest re
gions where the  ascending currents  must be stronger. Their a l t i t u d e s  a r e  low. 
It seems tha t ,  unlike white and blue clouds, t he  yellow clouds a r e  clouds of dust. 
They are generally observed as more or l e s s  i so la ted  formations (Fig.66) but 
sometimes reach a global scale, encompassing nearly the  en t i r e  planet. Global 
Wust storms" of t h i s  kind were observed during t h e  favorable oppositions of 
1922 and 19.56 (Fig.67). The dust  storm of 1956 commenced on August 24 with the  
appearance of a small br ight  cloud (Fig.67, Photo No.1, t o p  l e f t )  and rapidly & - within a few days - spread over nearly the  en t i r e  disk so t h a t  dark a reas  could 
be detected only a t  a few spots. In collaboration with A.V.Kharitonov (Ref.137) 
we made photoelectric measurements during the  night of September 1-2 on the  con
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t ras t  between the  yellow cloud then ex is t ing  a t  Noachis and t he  neighboring con
t i n e n t a l  regions (at t h a t  time, t he  cloud w a s  s t i l l  compact and very br ight) .  

The contrast  was approximately 8$ 
with a yellow f i l t e r  (A, = 54.50 A )  
and 1% with a blue f i l t e r  (A, M 

M 4495 i).Normally, polar izat ion 
sharply decreases during a dust 
storm. 

On t he  bas i s  of aerodynamic 
considerations, a f f o r d  (Ref.136) 
estimated t h e  Wind speeds required 
f o r  r a i s ing  dust p a r t i c l e s  off  t he  
surface of Mars and obtained a value 
close t o  t h a t  observed (about 
10 m/sec). On earth,  t he  comparable 
speed i s  1- 2 m/sec. The equa
t o r i a l  temperature sect ions (cy.
Fig.57) and the  spec t ra l  and polar
i z a t i o n  charac te r i s t ics  of t h e  
br ight  regions (Sect. 2.9) ind ica te  
a f ine ly  pulverized s t ruc ture  of 
t he  Martian surface. Thus, the  ma
t e r i a l  necessary f o r  t he  formation 
of dust clouds on Mars ex i s t s  and 
t h e  wind speed i s  su f f i c i en t  f o r  
blowing t h i s  mater ia l  off  t he  sur
face. Both.of these f a c t s  a r e  im
portant  addi t ional  arguments i n  
favor of t h e  dust nature of t h e  yel
low clouds. However, not a l l  ob
servers  are i n  agreement with Gif
ford's  findings. The question of 
wind speeds and atmospheric pres
sure required f o r  r a i s ing  dust 
clouds from the  Martian surface has 
a l so  been discussed by Ryan [see 
(Ref.136a)l who found t h a t  a t  a 
pressure of 20 - 30 nib much higher 
wind speeds (50 - 100 m/sec) a r e  
needed, speeds t h a t  do not d i r ec t ly  

Fig.67 Grawth of t he  19.56 Dust Storm. agree with the  observations. H m  
(For comparison, photographs taken i n  ever, it i s  not impossible t h a t  
1941 near the same longitudes of t he  l o c a l  temporary increases i n  wind 
cent ra l  meridian a r e  shown). speed might exis t .  

Ekamples of blue clouds ob
served i n  the  neighborhood of t h e  limb a r e  presented i n  Fig.68. I n  some cases, 
these a r e  comparable i n  brightness with t h e  polar  caps. They occur qui te  fre
quently near the  limb, thus causing the  brightness of t h e  disk a t  t h e  limb t o  in
crease i n  blue and v io l e t  l i gh t .  Slipher a l so  mentions a 'Climb glow" as a sepa
r a t e  phenomenon which, however, most probably i s  associated with t h e  clouds. 
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The shape and movement of such clouds cons t i tu te  t he  sole  observational 
source of information on the  pa t te rn  of general c i rcu la t ion  i n  t h e  p lane tar j  at
mosphere. The regime of general c i rculat ion depends on the  amount of heat that 

m&t be transported by the  atmo
spheric %eat engine" i n  uni t  t i m e .  
Suppose tha t  t he  average amount of 
heat per surface area i n  u n i t  time 
a t  a l a t i t u d e  cp i s  S(l - A) where 
S i s  the  time-averaged i l l d n a 
t i o n  and A the  albedo, and suppose 
furthermore tha t  t h e  amount of 
heat radiated i s  W = W, + WOwhere 
Ws i s  t h e  surface rad ia t ion  and WO 
t h e  radiat ion of t h e  atmosphere 
( i n  COZ bands). The quantity 
S ( l  - A) i s  known as the  mean di
urnal  insolation. The difference 
AQ = S ( l  - A) - W represents t he  
amount of heat t ha t  must be trans
ported by the atmosphere. Fig
ure 69 shows the  l a t i t u d e  depend
ence of the quant i t ies  S ( l  - A) 
and W on Mars during the winter 
s o l s t i c e  i n  the  Northern Hemisphere 
(Ref.75). To compensate f o r  the  
difference S(l - A) - W, thelgtmo
sphere must t ransport  2 X 10 
cal/day from t h e  summer t o  the  
winter hemimhere. I n  the  winter 
hemisphere, hQ45 = 1.36 x lo1' 

the
/150

cal/day i s  transported across 
l a t i t u d e  45" and, i n  the summer 

Fig.68 Photographs i n  Blue E g h t ,  Show- hemisphere, AGs = -0.44 x lo1' 
ing Blue Clouds and r%imb Glow" (Ref .86). cal/day. After half  a year, t h i s  

pa t te rn  i s  reversed. If AQ ex
ceeds some c r i t i c a l  value AQ,, 

then t h e  symmetric regime becomes unstable and i s  superseded by a wave regime. 
A s  AQ increases fur ther ,  t h e  s t a b i l i t y  of t he  symmetric regime m y  be restored. 
Figure 70 shows the  dependence of AQ., on the l i nea r  ve loc i ty  of ro ta t ion  of t he  
planet an (a being the  radius of the  planet)  a t  t he  equator, calculated else
where (Ref.75). The symbol h stands f o r  the number of Tloops" or waves i n  the  
c i rcu la t ion  system (Fig.70); it i s  a function of AQ and an, A s  can be seen from 
Fig.70, the  c i rcu la t ion  of the  Martian atmosphere i n  summer must have a s p  
metric regime while i n  winter it switches t o  a wave regime. In t h e  neighborhood 
of t he  so ls t ice ,  t he  regime may reverse wi th  respect t o  t h e  corresponding season. 
On ear th  the  amount of heat transported by the atmospheric heat engine under oes 
much smaller seasonal f luctuat ions and the  c i rcu la t ion  regime never changes Yal
ways being a wave regime). This difference i s  due t o  t h e  f a c t  t ha t ,  on Earth, 
t he  average always decreases from the  equator poleward, owing t o  t h e  high speci
f i c  heat of t he  oceans. On Mars the  spec i f ic  heat of t h e  surface i s  low and the  
temperature continuously rises f r o m t h e  summer s o l s t i c e  t o  t h e  winter so ls t ice .  
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Fig.69 Radiation Balance of 
%rs during Winter Sols t ice  i n  

Northern Hemisphere. 
a - Effective insolat ion 
S ( l  - A) (A = 0.26); b - Sum 
of W s  + WO (Ws = radiat ion 
i n t o  space per uni t  surface i n  
unit  time, Wo = radiat ion i n t o  
space i n  COZ bands); c - Ws.. 
4 TU'' kitojouZe/sec 

l0 I 1  

a? Earth 


Fig.70 Circulation Regime of 
the Martian Atmosphere. 

AQ,, and number of c i rcu la t ion  
"loops as i n  (Ref .75). Here, 
an (where R = angular veloci ty  
and a = radius) r e fe r  t o  the  
earth. I - Winter so l s t i ce ;  
11 - Early spring, l a t e  autumn; 
I11 - Summer so ls t ice .  
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Miyamoto (Ref.138) noted t h a t  major /151
dust storms on Mws may have t o  do with tran
s i t i o n  of t h e  general c i rcu la t ion  f r o m t h e  
symmetric t o  t h e  wave regime. During the  
symmetric regime it could be expected t h a t  
t h e  clouds w i l l  become elongated along paral
l e l s ,  forming cloud b e l t s  as on Jupi ter .  
Slipher (Ref .86) ac tua l ly  observed such b e l t s  
on photographs i n  blue l i g h t ,  but t h i s  i s  a 
very infrequent phenomenon. It i s  of in
t e r e s t  t h a t  t h e  published photographs, s h m  
ing d e t a i l s  of this type, were taken during 
the  Martian spring when AQ i s  small and, ac
cording t o  the  theory, a symmetric regime 
should a c t u a l l y  be in force. Attempts t o  use 
the  cloud movements as a c r i t e r i o n  f o r  t h e  
type of c i rcu la t ion  were unsuccessful, but 
it must be borne i n  mind t h a t  t h e  data on the  
movement of Martian clouds a r e  very l imited.  
Hess (Ref.107) analyzed 18 instances of cloud 
movement, ch ie f ly  f o r  white and blue clouds, 
and Gifford (Ref.136) added 35 more instances, 
of which 16  per ta in  t o  yellow clouds. Thus, 
a l together  only 53 cases of movement of /152
Martian clouds have been studied, and it 
seems t h a t  both above observers u t i l i z e d  
v i r t u a l l y  a l l  of t he  data avai lable  a t  pres
ent. On t h e  bas i s  of data on cloud move
ment and t h e  observed temperature d is t r ibu
t ion,  Hess plot ted meteorological char ts  with 
isobars f o r  various seasons, but t he  r e l i 
a b i l i t y  of these  charts  i s  open t o  doubt. 

Section 2.6 	 Transparency of t he  f i r t i a n  
Atmosphere: Blue Haze 

The atmospheric pressure a t  t he  surface 
of hrs, according t o  spectroscopic data, i s  . 
approxha te ly  x )  mb (cf. Sect.2.2). In  t h i s  
case, t he  number of molecules per v e r t i c a l  
column of Martian atmosphere i s  

smaller than on earth. The molecular com
ponent of t he  op t i ca l  thickness of t h e  
earth's atmosphere i n  sca t te r ing  i s  TO^ = 
= 0.08 f o r  h 5600 (cf. Ref.184). Hence 
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f o r  Mars, we have 70dl = 0.004 on the  same wavelength. The o p t i c a l  thickness a t  
other  wavelengths (T - i s  given i n  Table 30 f o r  various values of t h e  a i r  
mass My based on t h e  assumption of a t o t a l  pressure of 20 mb which probably i s  
somewhat exaggerated. In our calculations,  we disregarded t h e  excess sca t t e r ing  

TABLE 30 

OPTICAL THICKNESS 'rS OF THE GASEOUS COMFTXENT 
OF THE MARTIAN ATMOSPHERE I N  SCATTERlNG 

h .  	A Th'T5000 
M=l 

9000 0.001 0.003 0 .OOG 0.012 0.40 
7ti00 0,002 0.004 0.038 0.01G 0.51 
5000 0.004 0.008 0.01fj 0.032 1.00 
4.500 0.006 0.012 0.025 0 .os0 1.55 
3900 0.008 0.017 0.035 0.070 2.1 
3550 0.010 0.020 0.040 0.080 2 . 5  

power of CO,. An examination of Table 30 reveals t h a t ,  i n  t h e  presence of mole
cular  s ca t t e r ing  alone, t he  transparency of t h e  Nartian atmosphere throughout t h e  
investigated range must be close t o  unity. It i s  w e l l  knawn, nevertheless, 
t h a t  dark features  are almost indistinguishable i n  t h e  blue portion of t h e  spec-

/153 
trum (1 < 4500 A ) .  The g rea t e s t  contrast  i s  observed on photographs made with 
red and infrared f i l t e r s ;  i n  v i s i b l e  l i g h t ,  t h i s  contrast  i s  smaller, while i n  
blue l i g h t  it normally i s  close t o  zero. The decrease i n  contrast  i s  graphically 
i l l u s t r a t e d  by t h e  curves of s p e c t r a l  r e f l e c t i v i t y  of t h e  dark and b r igh t  areas  
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ii 
Fig.71 Apparent Re f l ec t iv i ty  of t h e  Continents and Seas 

as a Function of Wavelength (Ref.139). 
Ordinate: logarithm of t h e  i n t e n s i t y  r a t i o s  i n  an 
a r b i t r a r y  continuous spectrum of Mars and Sun. The 

zero point was arbi t rar i ly  selected.  

123 




[Fig.'7l; a f t e r  N.A.Kozyrev (Ref.139)l. This decrease, i n  contrast  with the  de
crease i n  wavelength, e i the r  i s  a r e a l  property of t h e  continents and seas or i s  
ruled by the  ac t ion  o f t h e  atmosphere. The former assumption can be disproved 
since, during the  so-called blue clearings,  t he  contrast  a l s o  becomes v i s ib l e  i n  
blue l i gh t .  A blue clear ing l a s t s  several  hours and, a t  times, roughly a day, 
encompassing a considerable portion of t h e  planet. Examples of photographs of 
Mars taken during blue clearings a r e  presented i n  Fig.72. Most of ten a blue 
clearing i s  observed more o r  l e s s  a t  the  t h e  of a favorable opposition. The 
blue clearing phenomenon has been investigated photometrically by P e t t i t  and 
X c h a d s o n  (Ref ,139a). 

Fig.72 Photographs of Mars during Blue Clearings, 
Taken with Blue F i l t e r  (1-8); Photograph Taken 

with Yellow F i l t e r  (9); Ref.86. 

It i s  obvious t h a t  Rayleigh sca t te r ing  in a gaseous atmosphere could not 
account fo r  t he  decrease i n  contrast  with decrease i n  wavelength. Hence i n  the  
Martian atmosphere there  should occur e i the r  t r u e  absorption by some unknown at
mospheric gas o r  sca t te r ing  (and perhaps a l so  simultaneously absorption) on aero
s o l  par t ic les .  I n  t h e  e a r t h f s  atmosphere, t he  r e a l  transmission coeff ic ient  i s  
d i s t i n c t l y  lower than tQe Rayleigh coeff ic ient  owing t o  sca t te r ing  on aerosols. 
In  the  region h < 3500 A i n  the  e a r t h f s  atmosphere, t r u e  absorption (ozone) a l so  
commences t o  be a major factor .  In t h e  Martian atmosphere, there  occur accumu-



l a t i o n s  of aerosols i n  t h e  form of clouds. It i s  l o g i c a l  t o  expect t h a t ,  i n  
c l e a r  weather, t h e  transparency of t h e  Martian atmosphere, l ike  t h a t  of t h e  
earth,  i s  reduced by aerosols.  

In  t h e  case of  an o p t i c a l l y  t h i n  atmosphere, t h e  brightness of any point on 
t h e  disk i n  opposition can be represented by t h e  following formula [cf.  f o r  ex
ample (Ref. 3) 1: 

The first t e r m  i n  square brackets stands f o r  t h e  surface brightness coeff ic ient  
and t h e  second t e r m ,  f o r  t h e  atmosphere brightness coeff ic ient ;  p s  i s  t h e  /155
brightness coeff ic ient  a t  t h e  center of t h e  disk i n  t h e  absence of an atmosphere; 
p i s  t h e  cosine of t h e  angle of incidence (during opposition, t h i s  equals t he  
angle of r e f l ec t ion ) ;  q :< 1i s  t h e  smoothness f ac to r ;  T O  i s  t h e  o p t i c a l  thick
ness of t h e  atmosphere. For a smooth i so t rop ica l ly  sca t t e r ing  surface (Lambert's 
l a w )  we  have q = 1, whereas f o r  an uneven dissected surface we have q < 1, e.g., 

-2 70-
f o r . t h e  moon: q = 0. The f ac to r  e u describes atmospheric attenuation. The 
brightness of t h e  atmosphere i s  derived'from eq.(1.96) f o r  IJ.1 = IJ.2, with cos y)  
being the  sca t t e r ing  i n d i c a t r i x  having the  form (1.73) a t  Y = n. The magnitude 
of t h e  second term increases  with decreasing k, w h i l e  t he  magnitude of t h e  first 
term decreases. The i n d i c a t r i x  COS n)  equals a f o r  i so t rop ic  sca t t e r ing  and 

-3a for  Rayleigh scat ter ing.  Equation (2.30) co r rec t ly  describes t h e  bright

ness d i s t r i b u t i o n  f o r  s u f f i c i e n t l y  small a and for any 7 0 .  If, on the  other 
hand, a + 1, the  formula holds only f o r  70 0.1. For l a rge  7 0 ,  an allowance 
must be made i n  t h i s  case f o r  i l lumination of t h e  surface by the atmosphere, 
multiple s ca t t e r ing  i n  t h e  atmosphere i t s e l f ,  and s c a t t e r i n g  - in t h e  atmosphere
- of t h e  l i g h t  r e f l ec t ed  by t h e  surface. A method of determining the  o p t i c a l  
parameters of t h e  Phrtian atmosphere and surface, taking account of multiple 
s ca t t e r ing  and anisotropy, i s  described in a paper by A.V.Morozhenko and E.G. 
Yanovitskiy (Ref .l l+O). 

On comparing t h e  observed dependence B(k) with eq.(2.30) o r  with a similar 
formula, it i s  possible t o  s e l e c t  t h e  values of t h e  parameters p s ,  q, T O  such 
as t o  optimally represent t he  observations. The functions B(k) were obtained by 
various observers using methods of visual,  photographic, and recent ly  a l s o  photo
e l e c t r i c  photometry. Considerable photographic material was accumulated a t  
Khar'kov Observatory during the  1956 opposition. Results of i t s  analysis have 
been published i n  t h e  form of a catalog [N.P*Barabashev and 1.K.Kovalt (Ref.14l)I. 
Photographic observations permit a r e l i a b l e  t r a c i n g  of B(P) up t o  b = 0.5, which 
corresponds t o  0.85 of t h e  disk radius. Another author (Ref.142) made an at
t e m p t  t o  determine t h e  brightness d i s t r ibu t ion  in t h e  limb zone as far as 0.97 rd 
by t h e  photoelectric method. The r e s u l t s  are presented i n  Table 31. 

The next t o  t h e  last row i n  Table 31 gives t h e  values of t h e  geometric al-
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TABLE 31 

PHOTOELECTRIC OBSERVATIONS OF MARTIAN LlMB DARKENING 
[1963 OPPOSITION (REF.lk2)I 

40 ~ 0.92 1.10 1 9G5 I 981 , 933 977 ~ 971 9GO 943 

'60 0.80 1.25 892 950 ~ 951 , 927 90G 889 874 8% 

80 0.60 1.6G 690 ' 842 850 801 753 710 679 652 

85 0.52 1.90 
I

589 791 794 719 ' 682 638 550 558 

90 0,44 2.30 450 ' 702 711 
I 

637 570 519 ~ 476 447 

'92 0.39 2.55 369 650 ' 659 585 ' 526 472 420 394 

94 

96 

0.97 

0.34 

, 0.28 

0.24 

3.57 

4.30 

301 

208 

097 1 
569 575

I I 

470 475 

331 1 335
I 1 

511 ' 

431 

299 

465 

388 

274 

40G 

310 

250 

, 

355 

275 

1G1 

333 

204 

107 , 

0.00 j 1.00 j 1.00 /1 ,000  1 1.000 j1.000 1 1.000 1 i .eon i .no0 1.000 

951 938 

870 850 

668 679 

581 602 

460 410 

403 417 

341 3/19 

261 285 

132 143 



0.312 

I 
C o n t i n e n t s  Maria edly lower values of t h e  smoothn?ss 

8400 I 0.410 
smoothness f ac to r  of q = 0.5 w a s  ob

7500 0.330 0.203 4293 tained. Apparently, t h e  question of 
6470 1. 0.254 0.180 lS3:: 1 0.062 I 0.060 t h e  smoothness f ac to r  needs f u r t h e r  

- invest igat ion.  The method by which 
-.__ 

+cn 

P ( t )  = \ G (t -x)0 (5) dx, 
-a, 


where G ( t  - x) i s  t h e  instrument p r o f i l e  which i s  determined from observations 
of  t h e  stars. This depends on t h e  dimensions of t h e  diaphragm and on t h e  bright
ness d i s t r i b u t i o n  over t h e  spurious disk.  If t h e  functions G and F a r e  deter
mined with su f f i c i en t  accuracy from observations then, on solving t h e  i n t e g r a l  
equation, @(x) can be calculated. This method i s  widely employed i n  radio as
tronomy and spectroscopy. It i s  conceivable t h a t  i t s  use Will a l s o  be of advan
tage i n  t h e  photometry of planetary disks.  

Fromthe mater ia l  of t h e  Khartkov photographic observations made during
1956, on assuming conservative scat ter ing,  N.P.Barabashev and I .K.Kovalt ( R e f  .la) 
found a brightness coeff ic ient  P e  and the  values of TO given i n  Tables 32 and 
33, which a l s o  present t h e  values of v e r t i c a l  thickness of t he  Martian atmosphere 
from observations by these eiithors and t h e  values of pressure from . the i r  calcu
lat ions.  I n  so far  as can be d e t e r d n e d  from t h e  figures i n  Table 33, t h e  /158 
pressures were calculated f r o m t h e  formula 



energy d i s t r i b u t i o n  i n  t h e  spectrum of &rs i s  
governed by t h e  t r u e  color of  i t s  surface, and6470 0.014 O . l ( i  

s3on 0 . o ~  0 . x  
4290 0.062. 0.42 

34 
57 

57 t h a t  t h e  contrast  of t h e  seas and continents 


i n  v io l e t  l i g h t  i s  near-zero not per s e  but 



e f fec t  i s  i l l u s t r a t e d  i n  Fig.36 f o r  a semi-infid-te atmosphere, f o r  decreasing a. 
One of t h e  arguments by Sharonov (Ref.l-46) i s  t h a t  t h e  clouds on photo
graphs always look b r igh te r  than t h e  background. However, these clouds (which 
most probably are i c e  clouds) do not necessar i ly  represent accumulations of t h e  
blue haze substance. 
showing dark clouds. 
a c t l y  in t h i s  case t h a t  we are dealing with t h e  aforementioned accumulations. 

Slipher (Ref.86) gave photographs of  MArs i n  blue l i g h t ,  
This i s  a f a i r l y  rare phenomenon, but apparently it i s  ex-

O P T I C A L  THICKNESS 'rd, SINGLESCATTERING ALBEDO a, 
AND MEAN SURFACE BRIGHTNESS C0E;FFICIE;NTS p e  

ACCORDING TO GPIK (m.100) 

A .  A 1 4050 1 4250 1 4690 I 5200 1 5430 I 5b00 1 6400 

I l l 1 I I I 

Wright (Ref 4 7 )  discovered t h a t  t h e  diameter of &rs on v io l e t  photographs 
i s  about 100 km greater  than on red photographs. For a long time, t h i s  e f f ec t  /160
had been a t t r i bu ted  t o  t h e  presence of a high-altitude absorbing or sca t t e r ing  
layer,  but subsequently N.P.Barabashev (Ref 4 8 )  and V.V.Sharonov (Ref . l49)
showed t h a t  t h i s  difference i n  diameters i s  of instrument or igin.  It seem t h a t  
t h e  agent responsible f o r  t h e  blue haze i s  centered i n  t h e  lower l aye r s  of t he  
atmosphere; i f  t r u e  absorption occurs, t h i s  agent would have t o  be located below 
t h e  b r i  h t  blue clouds which ex i s t  a t  a l t i t u d e s  of 10 - 30 km. Hess (Ref.l07), 
Kuiper ?Ref. 2), and Schatzman (Ref .150) a t t r ibu ted  t h e  blue haze t o  sca t t e r ing  
on p a r t i c l e s  with a strong forward-elongated indicatr ix .  Hess assumed t h a t  t hese  
a r e  COZ pa r t i c l e s ;  Kuiper, t h a t  they a r e  i c e  pa r t i c l e s ;  and Schatzman, t h a t  they 
a r e  water droplets.  However, elongated ind ica t r i ce s  as such, without t h e  pa r t i 
c ipat ion of t r u e  absorption, cannot account fo r  t h e  l o w  r e f l e c t i v i t y  i n  blue 
l i g h t .  When T i s  large,  pure sca t t e r ing  i s  anyway bound t o  r e s u l t  i n  excessixe 
brightness, and when 7 i s  small the re  i s  no blurr ing of contrast  (Ref.151) Opik 
(Ref.151) believes t h a t  a l l  propert ies  of t h e  blue haze, including high opacity, 
br ight  clouds above t h e  haze, etc., can be explained by assuming a two-layer 
model where t h e  lower l aye r  accounts f o r  t r u e  absorption and opacity while t h e  
upper l aye r  accounts f o r  scat ter ing,  limb brightening, and b r igh t  clouds. 

Absorption i n  t h e  blue-violet spectrum region may be produced by various 
molecules; i n  an atmosphere r i c h  i n  carbon dioxides t h e  most probable a r e  G O 2 ,  
( C ~ O Z ) ~ ,CZ, C3,  ..., Cn, which may form as a r e s u l t  of t h e  photochemical reac
t ions  : 



Absorption by gaseous C2 can hardly account f o r  t h e  blue haze. O f  necessi ty  Cz 
must give d i s t i n c t  absorption bands (e.g., Swan's bands a t  h 4737 and 5129 A j .
Rosen (Ref.152) suggests t h a t  t h e  blue haze may be due t o  continuous absorption 
by carbon pa r t i c l e s .  Polymerization of C2 may lead t o  t h e  formation of l a r g e  
pa r t i c l e s ,  but p a r t  of t h e  C2 w i l l  r e t a i n  i t s  molecular form and w i l l  give Swan's 
bands. Another p o s s i b i l i t y  involved i n  t h e  r eac t ion  (2.3l), namely t h e  presence 
of CaO2, has not been analyzed i n  d e t a i l ,  s ince t h i s  suboxide rapidly decomposes 
(Ref. 1). 

Small amounts of r J 0 ~(of t h e  order of several mm a t m )  produce su f f i c i en t ly  
strong absorption i n  t h e  blue spectrum region. This explanation, proposed by 
Kiess, Corliss and Kiess (Ref.ll6), appears t o  be t h e  most plausible  of a l l  
those current ly  i n  fashion. Sagan (Ref.121) made a quan t i t a t ive  analysis  of t h i s  
i n t e rp re t a t ion  and concluded t h a t  an abundance of NO2 of t h e  order of  1mm 0 atm 
ensures t h e  necessary degree of absorption. A s  t h e  temperature of t h e  atmosphere 
f a l l s  below 223'K, t h e  polymerization /161 

NO, -+N,O, 

must lead t o  a dgcrease i n  absorption near h 4000 1. Absorption of NO2 decrease? 
i n  the  h < 3800 A region. Table 31 shows tha t ,  on t r a n s i t i o n  from 3900 t o  3550 A, 
t h e  curve of limb darkening becomes more convex, as  was t o  be expected a t  t h e  in

0 crease i n  the  parameter a = 
k + o  

(see Fig.36). 

of t h e  blue haze and blue clear ing w a s  proposed by UrFy 
They assumed t h a t  t h e  absorption i s  due t o  t h e  ions C02, 

i on iza t ion  being sustained by s o l a r  wind; due t o  t h e  ab
sence of a magnetic f i e l d ,  t h e  protons of t h e  so l a r  wind would d i r e c t l y  penetrate 
i n t o  t h e  atmosphere. The blue clearings would then occur owing t o  random tem
porary diminutions of t h e  flux. The correlat ion with t h e  oppositions was  at
t r ibu ted  t o  shielding by t h e  t e r r e s t r i a l  magnetic f i e ld .  However, Sagan ( R e f  ,154) 
demonstrated t h a t  t he-2roduction of t h e  necessary number of ions requires a par
t i c l e  flux of lo1' cm sec -1 with energies of more than 2 MeV. I n  r e a l i t y ,  t h e  
energies 0; t he  g a r t i c l e s  -of t h e  solar wind a r e  several  orders smaller and t h e  
f l u x  i s  10 - 10 cm-" sec . Lastly, t o  j u s t i f y  a t t r i b u t i n g  the  blue clearings 
t o  shielding e f f ec t s ,  t h e  i n t e n s i t y  of t h e  magnetic f i e l d  i n  interplanetary space 
would have t o  be gauss which i s  four orders of magnitude smaller than ob
served. Thus, t he  Urey-Brewer hypothesis cannot be ser iously considered. 

Hess (Ref.107) assumes t h a t  t h e  blue clearings are due t o  a g rav i t a t iona l  
deposition of pa r t i c l e s .  However, a clear ing of t h i s  kind sometimes takes  sev
eral  hours, and such an explanation would require  excessively l a r g e  p a r t i c l e s  
(measuring several  t ens  of microns). The correlat ion with favorable oppositions 
i s  not explained within t h e  framework of t h i s  hypothesis. 

Another p o s s i b i l i t y  i s  t h a t  the absorbing (or s ca t t e r ing )  agent disappears 
owing t o  a phase t r a n s i t i o n  o r  a reversible  chemical react ion caused by a change 
i n  temperature. The correlat ion with favorable oppositions f i ts  such an explana
t i o n  s ince these coincide with the  t r ans i t  of t h e  planet across the  perihelion, 
but t h i s  involves another d i f f i c u l t y :  It i s  not c l ea r  why the  temperature would 
a l l  a t  once become equal t o  t h e  temperature of t h e  phase t r a n s i t i o n  over a l a r g e  
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portion of t h e  planet. 

The polar  cap (cf.  Sect.2.8) i s  c l ea r ly  v i s i b l e  on blue photographs through
out a l l  seasons of t h e  year. Ln t h e  opinion of many observers, during t h e  
autumn-winter period t h e  apparent polar cap consis ts  of an accumulation of 
clouds, whereas i n  summer it a c t u a l l y  i s  a snow cover overlying the  surface. If 
the  la t ter  i s  correct,  it would mean t h a t  t h e  blue haze e i t h e r  i s  completely ab
sen t  i n  t h e  polar  regions o r  a t  least t h a t  i t s  opacity i s  great ly  reduced i n  
these regions compared with t h e  equatorial  and temperate zones. A t  first glance

/162 
it  might seem t h a t  t h i s  confirms the  hypothesis of phase t r ans i t i on ,  but i n  re
a l i t y  it involves a contradiction: In t h e  polar regions outside t h e  polar cap 
t h e  temperature during summer would then have t o  be higher than i n  the  temperate 
zone of t h e  winter hemisphere (F'ig.69). 

Section 2.7 Vert ical  Structure ofthe Atmosphere 

Repeated attempts have been made t o  construct a model of t h e  atmosphere of 
Mars, %.e., t o  f ind t h e  dependence of temperature, density,  pressure, and chemi
c a l  composition on a l t i t u d e  (Ref ,107, 155-159). Hess ( R e f  .107) attempted t o  cal
culate  t he  a l t i t u d e  of t h e  convection zone i n  the  Phrtian atmosphere by proceed
i n g  from an analogy with t h e  t e r r e s t r i a l  atmosphere. A.I.Lebedinskiy (Ref  .l55)
showed t h a t  t h i s  calculat ion w a s  based on a f a l l ac ious  premise since, i n  t h e  
t e r r e s t r i a l  atmosphere, a major r o l e  i s  played by t h e  processes of t he  condensa
t i o n  and evaporation of H2O whereas i n  the  Martian atmosphere t h e  amount of H2O 
i s  small and cannot markedly influence t h e  heat balance of t h e  atmosphere. 

A.I.Lebedinskiy (Ref.155) and Goody (Ref  ~ 5 6 )calculated models of t h e  Mar
t i a n  atmosphere, by solving the  equations of r ad ia t ive  t r a n s f e r  i n  t h e  C02 h 1 5  p 
band. These models f i t  only up t o  t h e  dissociat ion l e v e l  of Co2. Chamberlain 
(Ref.157) and Shimizu (Ref.160) calculated t h e  a l t i t u d e  of t he  C02 dissociat ion 
l e v e l  and the  a l t i t u d e  dependence of t he  concentration of COZ and of i t s  disso
c i a t ion  products (GO, 0, and 02). 

Chamberlain (Ref.157) and cpik (Ref.82) considered t h e  problem of t h e  heat 
balance of t h e  upper atmosphere of Mars. Above i t s  dissociat ion l e v e l  i n  the  
upper Martian atmosphere C 0 2  i s  subst i tuted by CO and 0. The ion iza t ion  of 
atomic oxygen by the  u l t r a v i o l e t  radiat ion of t h e  sun must heat t h e  upper atmo
sphere of Mars j u s t  as i t  heats t h e  terrestrial atmosphere. The earth 's  upper 
atmosphere i s  cooled by the  downward transport  of t h e  absorbed energy due t o  heat 
conduction, and i t s  temperature i s  determined by t h e  balance between the..influx 
of u l t r a v i o l e t  r ad ia t ion  and t h e  downcoming heat flux. Chamberlain and Opik in
dependently pointed out t h a t ,  i n  t h e  heat balance of  t h e  Martian upper atmosphere, 
a major r o l e  i s  played by one more process: r ad ia t ion  i n  molecular CO bands. In  
the  e a r t h t s  atmosphere this process i s  not e s s e n t i a l  i n  View of t h e  small amount 
of C 0 2 .  Bates? (Ref.161) study of t h e  temperature of t h e  e a r t h t s  upper atmo
sphere proved highly important t o  t h e o r e t i c a l  calculat ions o f t h e  heat regime of 
&he upper atmospheres of t h e  planets.  The work by Chamberlain (Ref.157) and 
Opik (Ref.82) e s s e n t i a l l y  represents an appl icat ion of Bates' f indings t o  t h e  
upper atmosphere of Mars. 

Naturally, any model of t h e  planetary atmosphere depends on c e r t a i n  i n i t i a l  

131 



parameters: density,  chemical composition near t he  surface, surface albedo. 

Shi l l ing  (Ref.158, 159), bearing in mind t h e  engineering needs of as t ronaut ics ,  

/163 

calculated a s e r i e s  of models based on a su f f i c i en t ly  broad range of i n i t i a l  con

dit ions.  I n  par t icu lar ,  a pressure range from 40 t o  xx) mb was assumed. It 

would seem t h a t  such a range i s  s u f f i c i e n t l y  wide t o  encompass r e a l  i n i t i a l  con

dit ions.  However, it i s  obvious from t h e  foregoing t h a t  t he  pressure determined 

by spec t r a l  method i s  a t  l e a s t  twice as l o w  as the  lower l i m i t  assumed by Shil

l ing.  


Below we w i l l  construct t h ree  models of Mars: madmum median, and m i n i ” ,  
proceeding from t h e  following i n i t i a l  conditions (Table 35) 

INITIAL DATA FOR CONSTRUCTING MODELS OF THE 
MARTIAN ATMOSPKERE 

P r e s s u r e  a t  s u r f a c e ,  mb 
Chemical composi t isn . . 

E f f e c t  iv e su I-f a c e  
t empera tu re ,  O K  . . . , . 

Mean molecu la r  weight  
below t h e m 2  
d i s s o c i a t i o n  l e v e l  . . . 

Wean molecu la r  weight  above 
t h e  d i s s o c i a t i o n  l e v e l  

TemDerature a r a d i e n t  above 
thk  d i s s o c i a t i o n  l e v e l ,  
oK/km 

Minimum 
Vodel Model Model 

- __ 
5 

100% GO2 

225 

20 .G 39 44 

26 27 22 

1 2 0 
. 

The i n i t i a l  conditions a r e  so  selected t h a t  t h e  minimum and maxim models 
would give the r n i n h u m  and mass dens i t i e s  a t  any a l t i t ude .  

Let us assume, by analogy with t h e  earth,  t h a t  t o t a l  mixing i n  t h e  Martian 
atmosphere occurs up t o  t h e  l e v e l  a; which the  t o t a l  concentration i s  n = 

i .e. ,  approximately 10 times smaller than a t  the  surface. Below= 1OI2 ~ m - ~ ,  
t h i s  a l t i t ude ,  t h e  barometric formula i s  applicable,  which includes the  mean 
molecular weight; t h e  l a t t e r ,  however, may change with a l t i t u d e  owing t o  t h e  & 
dissociat ion of C02. Furthermore, we w i l l  show t h a t  t h e  dissociat ion l e v e l  cor
responds t o  the  p a r t i a l  concentration n(C0,) = lo1’ cm-3 * Below t h e  d issoc ia t ion  
a l t i t ude ,  we can assume m = const. Moreover a t  t h e  a l t i t u d e s  z < R where R i s  
the  radius of the  planet,  t he  dependence g(z) can be disregarded. Hence, up t o  
t h e  COZ dissociat ion level ,  t he  v e r t i c a l  s t ruc ture  of t h e  atmosphere depends 
onl  on the temperature d i s t r ibu t ion  T(z)  with a l t i t u d e .  If w e  have t h e  function 
T(z7, then the  dependence of t h e  densi ty  of t h e  atmosphere on a l t i t u d e  can be 
calculated from eq. (1.118). 
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a)  Lower atmosphere and mesosphere. The a l t i t u d e  dependence of temperature 
i s  determined by t h e  heat regime of t h e  atmosphere. The lower atmosphere i s  
chief ly  warmed by t h e  thermal r ad ia t ion  of t h e  surface. Heat t ransport  t akes  
place by r ad ia t ion  and convection. Heat conduction in t h e  lower atmosphere can 
be completely disregarded. In  f ac t ,  t h e  t ransport  of heat flux due t o  heat con
duction i s  

q = c dT-erg-cm-2
dZ 

sec-', (2.33) 

where c i s  t h e  coeff ic ient  of heat conduction 

c = 1801/Te~y.cm-l deg-lsec-' (2.34) 

f o r  NZ (Ref.162). If T = 250°K and t h e  gradient equals the adiabat ic  gradient 

-dT = 4o K/cm, then q = 0.1 e rg  cm-" sec-1 . I n  t h i s  connection, t h e  f i r t i a n  
dz 

atmosphere absorbs -3 x lo4 e rg  cm-2 sec -1 i n  t h e  C 0 2  h 1 5  c1 band i n  daytime. 

Consequently r ad ia t ive  t ransport  must play a highly e s sen t i a l  role.  If 
radiat ive t ransport  leads t o  a gradient t h a t  exceeds the  adiabat ic  gradient i n  
absolute value 

then a convection zone w i l l  develop i n  t h e  atmosphere. The convection wi l l  main
t a i n  the  gradient very close t o  t h e  adiabat ic  wherever the condition (2.34a) i s  

sa t i s f i ed .  Since laa d  
i n  t he  r e a l  conditions of t h e  lower atmosphere de

creases with z i n  absolute value, t h e  convection zone Will extend as far  as some 
dT

l imi t ing  a l t i t u d e  za. Below z,, t h e  gradient -
dz 

i s  adiabat ic  whereas above e, 

i t  i s  determined by r ad ia t ive  transport .  The convection zone near t h e  surface 
i s  usual ly  cal led t h e  troposphere and the  region near Z a  t he  tropopause. L e t  u s  
estimate the  adiabat ic  gradient f o r  t h e  atmosphere of %rs m.5 

where g i s  the  accelerat ion due t o  g r a d t y ,  and cp i s  t h e  spec i f i c  heat a t  con
s t a n t  pressure. A t  t h e  sursace of %rs, g = 360 cm sec-2 , cZ1 = 1.03 x lo7 erg. 

g6-l deg-' for N2 a t  x)  C and 0.523 X $07 e rg  @-' deg f o r  Ar a t  1 5 O C  
(Ref.162). For cOz, we have c p  = 0.9 X 10 i n  t h e  same units of measurement. 
For t h e  assumed th ree  models (maximum, medium,  and "um),we have cp  = 1.0 x 
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x lo‘, 0.84 X lo7 and 0.9 x $0‘ e rg  gm’l d e g l  and, correspondingly, -dT = 

= -3.6, 4.5, and 4.0 deg kni dz 

Let us then ca l cu la t e  t h e  a l t i t u d e  d i s t r i b u t i o n  of temperature i n  t h e  atmo
sphere of Mars, by in i t i a l ly  assuming that only r a d i a t i v e  t ransport  takes place. 
From t h e  condition 

we determine z,. Among the  radiation-absorbing const i tuents  of t h e  lower atmo
sphere of Mars, COZ incontestably plays t h e  dominant role .  H2O i n  an amount of 
14 1-1 of precipi ta ted w a t e r  a t  a pressure P = 20 lrib absorbs too l i t t l e  energy com
pared with C 0 2  and, being an in f r a red  absorber, water vapor cannot play a sub
s t a n t i a l  r o l e  i n  the Martian atmosphere. If t h e  blue haze has t o  do with true 
absorption, then it must be  considered i n  t h e  heat balance of t h e  atmosphere. 
Since no s u f f i c i e n t l y  d e f i n i t e  da t a  on t h e  nature  of t h e  blue haze are available,  
we will disregard i t s  e f f e c t  on T(z), but it must be  borne i n  mind t h a t  t r u e  ab
sorption i n  the blue port ion of  t h e  spectrum, i f  it occurs a t  a l l ,  might sharply 
a l t e r  t h e  temperature p r o f i l e  of t h e  lower atmosphere of &rs. 

The COZ absorption spectrum consis ts  of two extremely strong fundamental 
bands - ‘ V I  h 4.3 and V 2  h 1 5  p as we l l  as of overtones and compound frequencies 
located within t h e  range of 0.8 - 5 P, and a l s o  ‘bo t f rbands scat tered throughout 
t h e  1- 17 P range. The r ad ia t ion  of t h e  planet  surface i n  t h e  4.3 1-1 band region 
i s  of much lower i n t e n s i t y  than i n  t h e  1.5P region. Hence, t he  contribution of 
the 4.3 p band t o  i n t e g r a l  absorption i s  much less than t h a t  of t h e  1.5 p band. 
The energy of s o l a r  r ad ia t ion  absorbed by t h e  overtones i s  by one order of mg
nitude lower than t h e  energy of t h e  planetary surface r ad ia t ion  in t h e  1.5 p band. 
Thus, t he  question of temperature d i s t r i b u t i o n  can be solved by taking i n t o  ac
count, t o  a first approximation, only t h e  cO2 h 15  P band. 

The band v 2  h 15.0 p (01’0 - OOoO) overlaps t h e  ”hot” bands 1110 - /166- 0 2 0  X 13.5 p, 1 0 ° O  - O l l O  h 13.9 P, 02OO - 01’0 h 16.2 p,  03’0 - 0220 h 16.7 P *  
A s  a r e su l t ,  a gas l a y e r  of a thickness of (for example) 0.5 m a t m  i s  opaque 
from 13 t o  17 p, even a t  a pressure of 10 mb. The frequency dependence of t h e  
generalized absorption coe f f i c i en t  f o r  t h e  COZ band system i n  t h e  13 - 17 p range 
i s  shown i n  Fig.31; t h i s  can be used t o  calculate  t h e  t o t a l  equivalent width of 
a l l  t he  bands. 

The t ransport  of long-wave r ad ia t ion  i n  t h e  atmosphere can be studied by 
various methods (Ref.61, 70, 71, 164). W e  w i l l  use here one of t he  simplified 
methods, namely t h e  method of resolut ion i n t o  isothermal l aye r s  as previously em
ployed by Mintz (Ref.165). We w i l l  divide t h e  e n t i r e  lower atmosphere (up t o  
the Goz dissociat ion l e v e l )  i n t o  10 plane l aye r s  each of which contains the  same 
amount of CO2: 1.1gm cm-2 or 550 cm-atm (Fig.73). We wi l l  assume each of 
these layers t o  be isothermal. The amount of energy radiated by t h e  i-.th l aye r  
depends on i t s  temperature and pressure: 

Qi == Q i  (T, 
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and, i n  the  presence of thermal equilibrium, 

where Qg i s  the  t o t a l  surface radiat ion;  Qs,C02i s  t h e  par t  of surface rad ia t ion  
absorbed by the  atmosphere; E i s  the  i n t e g r a l  i l lumination of t h e  surface; A i s  
the  i n t e g r a l  albedo. Solving t h e  system of equations (2.37) it i s  possible t o  

f ind t h e  unknowns Ql, .... &lo,  Q g ,  Qg,C02 i f  E and A 
a r e  known. These quant i t ies  a re  given i n  the  second 

TABLE 36 column i n  Table 37. In the  "ummodel, t he  i n i t i a l  
temperature i s  calculated a s  the  mean equilibrium tem-

PRESSURF: DEPENDENCE perature  of t h e  day hemisphere. A s  the  mean normal 
OF EQUIVALENTWIDTH i l lumination of t h e  day hemisphere, we assumed 
OF THE 15 IJ. BAND 

- .  

where E d i s  t he  solar constant adjusted t o  t h e  mean /167
distance between Mars and Sun. 

-

The function Q(t)can be defined a s  

Q ( T )  = TV(P ,11, T )  1 1 6  ( T ) ,  (2.39) 

where W(P, u, T) i s  the  equivalent width of t h e  h 15 band, calculated from t h e  
curve 1, plot ted i n  Fig.31; 115(T)  i s  the  monochromatic rad ia t ion  in t ens i ty  of 
a perfect  black body a t  t h e  temperature T. In t h e  calculations,  it was assumed 
tha t  u = 1.1gm cm-2 (5.5 m a t m ) ,  P = 5 mb, and T = 290 K. From Table 36 it 
follaws t h a t  W i s  weakly dependent on P. The temperature dependence of W a l so  
i s  found t o  be weak, desp i te  t h e  presence of %hotf' bands, c l ea r ly  aJing t o  the  
l o w  r e l a t i v e  i n t e n s i t y  of these  bands. A t  a pzessure of 1.25 mb, t he  value of W 
(300'K) i s  only 30%higher than t h a t  of W (150 K).  Disregarding the  temperature 
dependence of equivalent width, we assumed t h a t  W (5.5 m a t m )  = const = 
= 108 cm-'. The function Q(t)calculated f o r  t h i s  value of W i s  given i n  
Table 37. 

Table 38 (third column) gives the  temperatures T i  of isothermal layers  found 
from Q h5th the  a i d  of t h e  function Q(T). Each l aye r  i n  the  m a x i "  model (to
gether with N2) crea tes  a pressure of 2 mb, so t h a t  t h e  pressures Pi a t  the  layer
boundaries correspond t o  t h e  values given in t he  fourth column. Knowing the  al
t i t u d e  sca l e  Hi f o r  each l aye r  ( f i f t h  column) it i s  now possible  from eq.(2.X)) 
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TABLE 37 /168 
FUNCTION Q(T) FOR THE cos h 15 IJ. BAND 

T.OK 
-
~ 

i00 8.5*10-G 220 
120 4.2210-6 240 

1.4210-4 260 
1GO 3.4~10-4 280 
180 6.3~10-4 300 
200 I.0~10-3 

to determine the altitude z i  (sixth
column) corresponding to each value of 
Ti 


When knuwing Qg,C02, it is possible 
to determine the brightness temperature
of the surface. This temperature is 
adjusted for the hothouseoeffect of 
carbon dioxide. It is 1.5 higher than

/169the temperature calculated without 

taking COZ into account (cf. Table 24).

The true surface temperature exceeds the 


T = 171'K and T = 4. Assuming 
a roughly gray atmosphere, we 
have 

Q (Tc)(1 +y r )  (2.40)Q (*I =7 3 

where Q(T) is the flux of out
going radiation, and T is the 
optical thickness, whence 

T 3 140" K. 



presents t he  established pat terns  of T ( z )  i n  graphic form a s  well  a s  the l i n e  

corresponding t o  t h e  adiabat ic  gradient -	dT It can be seen from Fig.74 t h a t
dz 

t h e  condition (2.36) i s  sa t i s f i ed  f o r  the  "Ummodel a t  an a l t i t u d e  Z a  = 7 km. 

TABLE 38 

CONSTRUCTING THE MAXIMUM MODEL OF THE LOWER 
ATMOSPHERE OF MARS 

~ ..-

Nz-COs 
i Ti,'I( Pi.wb 

1 

2 

3.1 

6.2~10-4 

155 

177 

I
l 

o
2 

11.5 

13 

00 

31.4 

23.4 
3 9.3~10-4 196 14 

6 18.9 
4 1. ~ X I O - ~  205 15 

J 1.Gx10-8 215 
8 

16 
14.; 

10 11.1 
G I.c1~10-3 225 17 
- 12 8.2 
I 2 .3x10-3 233 17.5 

14 6.6 
a 2.5~10-* 240 18 

16 4.2 
9 2 . 8 ~ 1 0 - ~  250 19 

18 2.1 
10 3. IOwiO-3 260 19.5 

20 0 
g,  c . 0 2  3 . 4  x10-8 267 

Thus, the convection zone i n  the Martian atmosphere i s  smaller than i n  the  t e r 
r e s t r i a l .  Apparently it develops more or l e s s  intensely a t  t he  noon hour, ap- /170
pearing i n  the morning and disappearing i n  the  evening. The presence of convec
t i v e  transport  i n  daytime i s  of fundamental significance f o r  the  select ion of 
i n i t i a l  temperatures i n  the model of t he  atmosphere. Owing t o  the  presence of 
convection, t he  atmosphere i s  heated rapidly i n  daytime and i t s  T(z)  d i s t r ibu t ion  
then corresponds t o  the  daytime conditions. A t  n i g h t t h e r e i s  no convection and 
the  atmosphere i s  cooled only owing t o  radiation, and a t  a l t i t udes  of 10 - 15 km 
the  night t e F e r a t u r e  d i f f e r s  l i t t l e  from the  day temperature. Since the  surface 
i s  about 100 colder a t  night than i n  daytime, a temperature inversion must oc
cur a t  night i n  the  surface layer.  If there  i s  no convective t ransport  and i f  
the temperature of t h e  atmosphere i s  determined only by radiat ive t ransport ,  t h e  
in i t ia l  temperature w i l l  be f i  times as small, s ince then the  surface radiat ion 
i s  averaged over t he  en t i r e  sphere. This condition corresponds t o  an i n i t i a l  
temperatuge of 225'K, assumed i n  the  mini" model. In the  medium model we as
sumed 250 K. 
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TABLE 39 


ATNJSPHERF, OF.WS;  MEDIAN MODEL 

-~ 

A I  ti tude ,  enip. , ’ r e s s u r e  

- - 
l a n t i  t a t i v i  
G n c e n 

; r a t i o n ,  
cm- 3 

~~ 
~ 

2 . 9 ~ 1 0 ’ ~  
2 . 0 ~ 1 0 ~ 7  
1.5x1P7 
I.ox1ol7 

6 ~ 1 0 ’ ~  
2 . 7 ~ 1 0 ’ ~  
1.OX10’6 
3 . 5 ~ 1 0 ’ ~  
1.0*10’5 
2.0~1014 
4 . 7 ~ 1 0 ‘ ~  
I.2x1013 

. 
Lo’C’aF 
1 t i t u d e  

gm. cm-?’ 	 c a l e  fo 
r e s s u r e  
-- km, 

1.8r10-5 13 
I.2x10-5 12.5 

9x10-6 11.5 
Gll10‘6 11 

3.7~10-6 9.5 
1.7xIO’G 9 
6 .Oxlo-: 8 
2,2*10-7 7.5 
0.0x10-s 7 
1.2x10-8 7 
2.9x10-0 7 

8x10‘10 7 
3x10-10 12.5 
1x10-’0 14.5 
4x10-” 15 
2x10-” 16 
Ix IO-”  18,5 

1 

-

Remarks 

S u r f  ace  
Tropopause 

CO:,d i s s o c i a t i o n  

-

km OK 


~~ 

n 250 
5 225 

I 0  205 
15 ,185 
20 I 7 0  
30 150 
40 140 
50 139 
GO 120 
70 120 
so 120 
90 130 

100 130 
1 , l O  140 
120 I 5 0  
130 1�0 
1!A0 170-

mb 

10 
6.5 
4 

2.5 
1.5 
0.6 
0.2 
6x10-2 

1. G x I O - ~  
3 .5 

8x10-4 
240-4 
G X I O - ~  4 ~ 1 0 ’ ~  
2x10-‘ 1.5x10‘2 
1d o - i  6 ~ 1 0 ‘ ~  

-GxIO-‘  3 x I P  
3.5 XI 1.5x101‘0-I 

~~ ~ 

TABLE 40 


ATMOSPHERE: OF MARS; MAXIMUM MODEX 


Local
1t i t u d e

Den si t y  , c a l e  f o  Remarks gm- cm- 3 r e s s u r e  

an ti  t a t  i v t  
Concen

cm-3 

5,4xl0l7 
4.5~1017 
3 . ~ ~ 1 0 1 7  
2 . 9 ~1017 
22x10’7 
I.2~1017 
6 . 3 ~ 1 0 ~ ~  
2 . 7 ~ 1 0 ~ ~  
1.0110’~ 
3.8xiO’j 
1.4*101: 

5x1014 
2x10’4 
7X1n13 
3g1013 

I.2,4013 
5x101* 
3x10‘3 

1.5xiOIz 
7 ~ 1 0 ~ 1  

A I  	t i t u d e ,  
km 

! 
~-~ 

0 210 30 
.5 245 15.5 
:0 230 11.4 
15 215 8.7 
20 200 6.2 
30 $75 3.0 
fI 0 15.5 1.3 
50 11,n 0.3 
(i0 130 0.2 
70 .i 30 7r10-2 
80 130 2x 10-2 
90 120 .io-’ 

100 120 3x104 
110 1/10 1~10-3 
1’0 160 6 x 10 -*J 

130 1so 3x10-4 
140 200 1,5x10-! 
i50 220 ox lo - . ‘  
100 240 5x10-.j 
170 260 2.5x10-5 
180 280 1.2xIO-‘ 

-
._ 

- 1: m 

2.7~10-5 20 
2.2x10-5 15 
1.8xIO-~ 17 
1.4xIO-~ 16 
1 . 2 ~ 1 0 - 3  15 

6x10-6 13 
3 . 2 ~ 10-0 12 
1.4~10-6 10 

5~1(1-7 10 
I.9~10-7 10 

7x10-* 20 
2.5~10-* 9 
1. l * i O - d  9 

4x10-G 11 
2x 10-0 13.5 
6x10-10 14 
3xi0-;0 16 

1.5xlO-l” 18 
SxlO-11 20 
4x10-11 21 

Su r f a ce  
Tropopause 

CO2 d i s s o c i a t i o n  

3 ~ 1 0 ~ ~  2K10-l1 22 

2 



The following simple calculat ion proves t h a t  r ad ia t ive  cooling cannot appre
ciably a f f e c t  t h e  night temperature of t h e  atmosphere. The spec i f i c  heat of t h e  
atmosphere i n  t h e  m a x i "  model i s  taken as  

Approximately 1011 e rg  cm-2 = 104w cm-2 sec are stored i n  t h e  atmospheree 
during t h e  daytime. Since Q M 3 x w cm-", then over a time of 4 X 10 sec 
(average duration of t h e  night) t h e  heat energy stored i n  t h e  atmosphere during 
t h e  daytime cannot diminish by more than 1%. 

The l o w  a l t i t u d e  of t he  convection zone a l s o  means t h a t  t h e  daytime dis
t r i b u t i o n  of T(z), found f r o m t h e  condition of r ad ia t ive  equilibrium, i s  reki
t i v e l y  undistorted by convection, and t h e  t r u e  temperature d i s t r i b u t i o n  t h a t  t akes  
i n t o  account both these e f f e c t s  can be obtained on displacing the  curves of T(z) 
by several  degrees, so t h a t  t h e  %onvective" and l 'radiativer'  curves of T(z) will 
merge a t  t h e  point^ za .  This method w a s  used t,o s e t  up Table 40 f o r  t h e  n&d" 
model; t h e  median (Table 39) and "um (Table 4.1) models were constructed on 
t h e  same principle.  

TABLE 41 /172 
ATMOSPHERE OF MARS; MINIMUM MOD= 

~~ 

! ! I I.ocal I 
f& an ti t a t  i v d  

A1 t i t u d e ,  
Remarksk m  

.. __
~ 

0 11 S u r f a c e  
5

i n  
IO 

0 
Tropopause 

15 S 
L J  7 
33 7 
.:I1 7 
50 2.sx1u1: 0 
CO 6 
70 G 0 2 d i s s o c i a t i o n  

ao 1.s~10-'0 F 
9;J .4x 10-11 6 

I G O  G 

Hess (Ref.107) found a tropopause a l t i t u d e  of z, = 40 km but proceeded from 
an incorrect  analogy t o  t h e  t e r r e s t r i a l  atmosphere. A.I.Lebedinskiy calculated 
z, = 2 km s t a r t i n g  from t h e  exact solut ion of t h e  t ransport  equation i n  t h e  
h 1 5  p band. Goody (Ref.156), using a similar method, found e, = 8.5 km and 
T, = 1 3 4 O K  (above z = 90 km). Lebedinskiy and Goody made use of t h e  old est
ates of COz content and t o t a l  pressure. It i s  easy t o  show t h a t  t h e  increase i n  
t h e  amount of CO2 has l e d  t o  no appreciable change i n  T, and i n  t h e  a l t i t u d e  of 
t h e  convection zone. 
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In  calculat ing T(z)  above the  l e v e l  of t he  tropopause, it i s  assumed tha t  
t h e  atmosphere i s  in a s t a t e  of l o c a l  thermodynamic equilibrium and tha t  radia
t i o n  i s  transported so le ly  w i n g  t o  processes of t r u e  absorption and emission 
and furthermore t h a t  resonance sca t te r ing  can be neglected. Goody (Ref .166) 
found t h a t  t he  v ibra t iona l  re laxat ion l e v e l  above which the  processes of reson
ance sca t t e r ing  predominate over t he  processes of t r u e  absorption f o r  t he  COS 
A 1 5  p band exists a t  22 a l t i t u d e  of approximately 75 km where the  t o t a l  concen
t r a t i o n  i s  n M 1015 cm . Above t h i s  leve l ,  t he  r o l e  of r ad ia t ive  t ransport  i n  
t h e  heat regime of t he  mesosphere decreases sharply. Here the  absorption of a 
quantum i s  followed by re rad ia t ion  a t  the  same frequency r a the r  than by trans
mission of energy t o  another molecule a s  i s  the  case i n  t r u e  absorption. Above 
the v ibra t iona l  re laxat ion l e v e l  t h e  atmosphere i s  in tens ive ly  cooled by radia
t i o n  i n  the  A 15 p band, whereas i t s  heating i s  r e l a t i v e l y  weak. 

According t o  Table 39 (Median Model),the l e v e l  n = 1015 i n  t h e  atmo- /1.73
sphere of Mars i s  a t  an a l t i t u d e  of z = 60 km. It i s  l o g i c a l  t o  assume t h a t  t h i s  
a l t i t u d e  cons t i tu tes  t he  v ibra t iona l  re laxat ion l e v e l  i n  the  & r t i a n  atmos here. 
The volumetric radiance above the  v ibra t iona l  re laxa t ion  l e v e l  i s  (Ref -161P 

l'V 

R (2) = n2cqhve BT 

where c i s  t h e  r e l a t i v e  volume c o n c e n t r a t i y  of COa (c = 0.1), and i s  the  de
ac t iva t ion  coeff ic ient  (1M 2.5 X cm sec- l ) ,  

A t  an a l t i t u d e  of 90 - 100 km, Go2 i s  dissociated by t h e  u l t r a v i o l e t  radia
t i o n  of t he  sun: 

C O z + h ~ - - > C 0 + 0 ,  SL<1700A. 
(2.42) 

This  process i s  balanced by ternary recombination 

co + 0 + ;\I 4co, +M I  (2.43) 

and, owing t o  the  process 

there  forms a ce r t a in  amount of molecular oxygen which r e t a rds  the  dissociat ion 
of Cozy s ince it absorbs u l t r av io l e t  rad ia t ion  

The r a t e s  of react ion (2.42) - (2.45) a re  known functions of t h e  concentra
t i o n  and flux of u l t r av io l e t  radiation. This makes i t  possible  t o  ca lcu la te  t he  
a l t i t u d e  dependence of t h e  concentration of n(O), n(CO), n(CO2), and n(02). The 
procedure i s  described i n  d e t a i l  i n  Section 3.5;  here, we w i l l  merely discuss 
the  COz dissociat ion a l t i t udes ,  calculated i n  t h i s  manner f o r  the  atmosphere of 
&rs (cf. Tables 3 9 - a ) .  

The temperature a t  a l t i t u d e s  of 80 - 100 km can be found from the  equilib
rium condition 
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where B(z) is the energy of ultraviolet radiation absorbed between the levels z 
and z + dz. This condition yields T = ll0 - 1x)’K. The photochemical equilib
rium permits a correct determination of the dissociation level and of the density
distribution of n(COz), n(CO), n(0) and n(02) below the dissociation level. Huw
ever, the concentration of CO2 and 02 above the dissociation level m y  be much /17rc
higher than calculated, because of the upward diffusion of COZ and 02. Such a 

Fig.75 Distribution of Temperature and Density
in the Atmosphere of Mars for Three Models: 

a - Standard Model; b - M a x i ”  Model; c - ”tn 
Model. 

pattern can be satisfactorily traced, for example, for molecular oxygen in the 
earth’s upper atmosphere: At an altitude of 250 km, the ratio 02/0 = 0.1 al
though, in theory, it would follow from photochemistry that there should be v i r  
tually no 02 at this altitude. Thus, it might be that, above 100km, the tem
perature of the &rtian atmosphere continues to decrease owing to luminescence 
in the C02 h 15 p band. The zone of temperature minimum above the mesosphere is 
termed the mesopause. Above the mesopause the temperature increases due to down
ward heat flow from the ionosphere. A reliable estimation of the mesopause tern
perature is practically impossible so long as the real distribution of Go2 above 
the dissociation level remains unknawn. If, below the mesopause “um, the 
temperature gradient becomes sufficiently large (inabsolute value), a second 
convection zone may arise in the mesopause. This was first suggested by Chamber
lain (Ref4 7 ) * 

In our model, we assumed the temperature of the mesopause “unto be 
1x)’K (100< z < 1x)km). It should be noted that the temperature distribution 
in the region of the plZ2rtian mesosphere differs substantially fromthe terrestrial 
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(Fig.75). In the terrestrial mesosphere the temperature course reaches a maxi
mum in the neighborhood of the ozone layer. On Mars a small amount of OS forms 
near the 02 dissociation level, but the absence of oxygen at lower altitudes 
warrants the assumption that ozone cannot influence the temperature profile of 

/175 
the Martian atmosphere. 

/I that obtained for the "ummodel. All three 
100 2.3~10-4 1 150 

36 
8.5 models presented are reduced to the level at 

uantit2tive concentration is of the1::5 ::;;1 175 216 which the s1I U J  1.7 order of 10 cm- . In the maximum model, this 

100 H2O does not decrease with altitude,then the 
120 partial pressure of H a 0  near z = 30 kmwill be 
131) close to saturation pressure and there the
1.50 
180 

6.1 water vapor must condense and form clouds even 



b) Upper atmosphere. Direct photodissociation of NZ is ineffective; dis
sociative recombination seems the principal mechanism of dissociation of these 
molecules (cf. Sect.l.1) since the fluYof ultraviolet quanta beyond the ioniza
tion limit is sufficiently small and the velocity of back reaction is high. As 
a result, in the earth's atmosphere the nitrogen molecule is weakly dissociated 

even at high altitudes. This probably also applies to the Martian atmosphere, 

and that not only for NZ but also for COY which resembles NZ in the structure of 
its electronic terms. Apparently, the main constituents of the atmosphere above 
the COz dissociation level are 0, COY Nz, and Ar, with the concentration of 0 
decreasing more slowly with the altitude than that of CO and N2. In sufficient
ly high layers, oxygen must be the main constituent. As already mentioned in 
Section 2.3,  the lower atmosphere of &rs does not contain much CO: Table 15 in
dicates only the upper limit. If the lifetime of COZ insthe Martian atmosphere 
would substantially exceed the cosmogonic scale (-5 X 10 years), then carbon 
monoxide should have been accumulating in that atmosphere. It is also not ex
cluded that certain specific chemical processes may result in the escape of CO 
(Ref.l), since the CO molecule is chemically active. The simplest explanation, 
however, is that proposed in Section 2.3: Oxygen does not dissipate fromthe 

&rtiari atmosphere. Let us discuss the conditions which this proposal imposes 

on the temperature and altitude of the dissociation level. 


TABLE ,!+4 m 
LIFETIME OF OXYGFN IN THE MAFiTIAN ATMOSPHERE 

. 

1200 1 1500 1 2030 

G~100 Gr108 3 ~ 1 0 ~  
5 x ~ u ~  ~ ~ 1 0 7  3 x ~ 0 0  
3 x 1 0 8  107 l O G  

5x107 3x100 5 x I V  

Table 44 gives the lifetime to of oxygen (in years) in the Martian atmo
sphere, as calculated from eq.(1.135) for four different values of the altitude 
of the critical level (dissipation level) z c  (from 500 to ZOO0 km) and for s i x  

C 

values of temperature (from 500 to ZOOO'K). The integral Jn(z)dz encloses the 
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entire oxygen existing in the &rtian atmosphere, including the oxygen bound in 
COZ. In the calculations L t  was assumed that the dissociation of CO can be neg
lected so that each molecule of CO2 woyld be a potential supplier of one oxygen 
atom. It was also assumed that atomic oxygen is the main constituent of the 
Martian atmosphere at the critical level. In fact, in the region of the dif
fusive separation the artian atmosphere consists of N2, COY and 0 and the con
centration of 0 decreases with altitude more slowly than that of Nz and CO. 

The dissipation of oxygen from the Martian atmosphere can be neglected if 


u.3  



Comparing t h i s  condition with Table 42, Ee see t h a t  t h e  temperature a t  t h e  c r i t i 
c a l  l e v e l  should not be higher than 1000 K even i f  t h i s  level were a t  an a l t i 
tude of 500 km. The real  temperature of t h e  upper atmosphere i s  determined by 
t h e  processes of heating and cooling. T h i s  region i s  heated by t h e  u l t r a v i o l e t  
and corpuscular r ad ia t ion  of t h e  sun and cooled by heat conduction and radiation. 

Harris and P r i e s t e r  (Ref.72), based on a n  analysis of densi ty  data obtained 
with a r t i f i c i a l  ea r th  s a t e l l i t e s  and taking d iu rna l  va r i a t ions  i n t o  account. 
found t h a t

-1
t h e  e f f ec t ive  heat f l u x  during t h e  s o l a r  a c t i v i t y  maximum i s  2 e& 

cmi" sec . 
The maxi" daytime temperature of t h e  earth 's  upper atmosphere i n  t h e  

isothermal zone would then be 1760%. An analysis of d iu rna l  va r i a t ions  estab-
/178 

l i shed  that ,  i n  addi t ion t o  u l t r a v i o l e t  radiation, t h e r e  e x i s t s  an aux i l i a ry  
source of heating of t h e  upper atmosphere, which accounts f o r  about 50% of t h e  
t o t a l  heat flux. The above authors conditionally termed t h i s  %orpuscularIf al
though it may be of a d i f f e r e n t  nature. For Mars it i s  na tu ra l  t o  assume ha l f  

as l a r g e  a flux: 1 erg cmi" sec-1 . 
TABLE 44a I n  first approximation, it can 

CHAFLACTERISTICS OF THE MARTIAN ATMOSPHEEE be assumed t h a t ,  i n  t h e  & r t i a n  
(z, = 70') ACCORDING TO OBSERVATIONS OF thermosphere, t h e  temperature gradi-
THE RADIO OCCULTATION OF M A R m R  IV ent i s  close t o  1 - 2 deg/km and 

(REF.634) t h e  "um temperature i s  several 
hundred degrees. The coeff ic ient  

E l e c t r o n  d e n s i t y  a t  * i  of heat conduction f o r  atomic hy
i o n i z a t i o n  maximum 9 i l  x 1ii4cm-a drogen, according t o  Nicolet

A l t i t u d e  of maximum . . . . 123-125 km (Ref.162), i sEl e c t r o n  s c a l e  of a1 t i t u d e s  
above t h e  maximum 25-25 km 

Temper a t u r e  : : : I <200oK ataltifudes 
123to 2 N k m  c = 270 eycm- l  sec-' deq-l. (2.48) 

Hence heat conduction may d ra in  a 
f lux of 0.05 - 0.1 erg cmi" sec-l; 

t o  heat conduction one must add t h e  cooling due t o  in f r a red  r ad ia t ion  of CO i n  
t h e  vibrat ional  band A 4.7 iL and i n  t h e  r o t a t i o n a l  l i nes .  The volume radiance 
or radiant emittance i n  h 4.7 P i s  given by eq. (2.4l): Chamberlain (Ref.157) 
gave TI = According t o  Bates (Ref.l61), t h e  volume radiant  emittance i n  
the  ro t a t iona l  l i n e s  i s  

a t  T = 1500°K, whereupon RE, CA T2. 

Chamberlain (Ref.157) and Gpik (Ref.82), based on these findings, examined 
the  problems of heat balance of t h e  upper atmosphere of Mars and obtained fa i r ly  
high temperature values, close t o  t h e  upper l i m i t  found above. 



However, observations of t h e  radio occultation of Mariner I V  (Table &a) 
disproved these expectations. It was found t h a t  t h e  temperature of t h e  iono
sphere, calculated on t h e  electronic  a l t i t u d e  scale  from observations of t h e  im
mersion of Mariner I V  i n t o  occultation, i s  very low; t h e  a l t i t u d e  of t he  ioniza
t i o n  max5mumoalso po in t s  t o  a low temperature of t h e  upper atmosphere, of t h e  /179
order of X)O K. It appears t h a t  t h e  upper atmosphere of Mars i s  subject t o  some 
powerful cooling f a c t o r  which had not been considered i n  t h e  t h e o r e t i c a l  calcu
l a t ions .  Most l ike ly ,  t h i s  f ac to r  i s  t h e  radiat ion of COa molecules which, ow
i n g  t o  diffusion, penetrate i n t o  t h e  region above the  d i s soc ia t ion  level .  

It i s  of i n t e r e s t  t ha t ,  during observations of t h e  emersion of &riner I V  
from occultation (tee., on t h e  night s ide)  no ionospherz w a s  detected. The 
upper l e v e l  of e lectron densi ty  on t h e  night s i d e  i s  10 ~ m - ~ .The magnitude of 
daytime ion iza t ion  closely agrees with t h e o r e t i c a l  calculat ions (Ref .82, 157, 
168) . 

It i s  e s s e n t i a l  t h a t  t h e  onboard magnetometer and high-energy p a r t i c l e  
counters of Mariner I V  detected no t r a c e s  of a Martian atmosphere. The magnetic 
f i e l d  of Mars i s  a t  l e a s t  3000 times smaller than t h a t  of t h e  ear th  (Ref.23).
It would be highly important t o  study t h e  theo re t i ca l  problem of t h e  in t e rac t ion  
between solar wind and atmosphere of a planet lacking a magnetic f i e ld ,  both 
f r o m t h e  viewpoint of accret ion and of exc i t a t ion  of emission in i t s  upper layers.  
This problem i s  becoming pa r t i cu la r ly  urgent considering t h a t  Venus a l s o  appears 
t o  lack a magnetic f i e l d .  

I I 1 I n T - I I I I I I I- >, h .........I "; ,,'j!:; . I . . .  
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Fig. 76 Spectral  Dependence of t he  Reflection 
Coefficient of :  a - Snow and b - Hoarfrost 
(Crystals 5 0.1 m), Multiplied by t h e  

Solar Spectrum (c) 

The outermost l aye r s  of t h e  ear th 's  atmosphere consis t  of helium and hydro
gen. The source of helium i s  radioactive decay i n  t h e  earth 's  crust ,  while t h e  
source of hydrogen i s  current ly  considered by most invest igators  t o  be t h e  photo-
dissociat ion of H2O. The rate of d i s s ipa t ion  of helium and hydrogen from t h e  
Martian atmosphere i s  many times as great as t h a t  f r o m t h e  earth's atmosphere. 
If helium and hydrogen were supplied only f r o m t h e  bottom up, one could be 
c e r t a i n  t h a t  t h e  concentration of t hese  gases i n  t h e  G r t i a n  exosphere would be 
negligible.  However, accret ion o f  interplanetary p l a s m  (solar Wind) may pro
duce, i n  t h e  upper layers of t h e  Martian atmosphere, concentrations of H and H e  
comparable t o  t h e  t e r r e s t r i a l  (cf. Sect.4.2). It i s  not precluded t h a t  Mars, 
l i k e  Earth, i s  surrounded by an extended hydrogen corona. 
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Section 2.8 Polar Caps 

The polar  caps - t h e  most notable features  on t h e  disk of t h e  planet - were 
first observed by Cassini i n  1666. It i s  probable t h a t  t o  an observer on Mars 
t h e  e a r t h f s  polar  caps would a l s o  appear as t h e  outstanding f ea tu re  of our 
planet. I n  f ac t ,  i n  winter t h e  e a r t h f s  northern polar  cap spreads t o  approx
imately 90' l a t i t u d e  and the  inhabi tants  of t h e  temperate zone spend a l a rge  
p a r t  of t h e  year within it. In t h e  summer t h e  cap shrinks t o  t h e  dimensions of 
t h e  Arctic zone, %.e., t o  25 - 30' l a t i t ude .  

On &rs during the  winter maximum the  south polar  cap reaches an even a 
greater  l a t i t u d i n a l  extent (as much as 100'). The maxim corresponds t o  l a t e  
February and e a r l y  March of t h e  M a r t s n  calendar$:'. The extent of t h e  north 
polar cap i s  much smaller - about 53 a t  t h e  maximum. This i s  due t o  t h e  f a c t  
t h a t  f o r  t h e  Southern Hemisphere aphelion occurs i n  winter and t h e  polar  cap forms 

during a period of 382 days (autumn + winter i n  t h e  Southern 
Hemisphere), whereas the  north polar cap forms when t h e  
planet i s  a t  perihelion ( the combined duration of autumn 
and winter i n  t h e  Northern Hemisphere i s  305 days). 

Since during summer i n  t h e  Southern Hemisphere t h e  
planet passes through i t s  perihelion, t h e  south polar cap 
shrinks a t  a f a s t e r  r a t e  than the  north cap and disappears 
completely. The north polar  cap during summer i n  t h e  
Northern Hemisphere does not e n t i r e l y  dis integrate ,  shrink
ing  t o  a minimum of t h e  order of 6'. 

Spectral  and polar izat ion observations of t h e  polar 
caps ind ica t e  t h a t  they consist  of frozen w a t e r .  Figure 76 
presents t h e  spectra of coarse-grained snow and fine-
grained hoarfrost ,  obtained under laboratory conditions. 
These d i f f e r  from t h e  spectrum of water vapor i n  t h a t  t h e  
absorption bands a r e  sh i f t ed  approximately 0.1 IJ. i n  t h e  
d i r ec t ion  of longer wavelengths. The albedo i n  t h e  region 

Fig. 77 Spectra h 1.3 p i s  0.8 - 0.85 but beyond t h e  absorption band of 
of Polar cap (a) i c e  h 1.5 p it decreases by a f a c t o r  of 1.5 - 2. The in-
and Disk of Mars t e n s i t y  of t h e  absorption bands of i c e  i s  greater  f o r  
(b) i n  t h e  Region l a rge  c rys t a l s  (snow) and smaller f o r  very small ( f r o s t ) .  

1 - 2 p .  Kuiper (Ref.4) found t h a t  t h e  i n t e n s i t y  minimum a t  h 1.4 P, 
P r i s m  spectrometer; cha rac t e r i s t i c  of t e l l u r i c  HzO absorption, i s  displaced 
PbS cooled with toward 1.5 p i n  t h e  spectrum of t h e  polar  cap and t h a t  t h e  
COz;  averaged from albedo markedly decreases i n  the d i r ec t ion  of longer wave-
t h r e e  t r aces ;  en- lengths. This finding w a s  confirmed by us i n  1963 = 
t rance s l i t  0.15 x (Ref.94). Figure 77 shows averaged spectra of t h e  polar  
x 0.3 mm; e x i t e d i t  cap i n  t h e  cen t r a l  portion of t h e  disk,  obtained by us with 
2 mm (M ,,1800 A ) ;  an infrared prism spectrometer of a resolving power M x 
r a t e  70 A/sec, x 0.2 p.  Such observations a r e  made very d i f f i c u l t  by at
7 = 2.2 see. mospheric j i t t e r ,  but t h e  finding appears f a i r l y  r e l i ab le .  

% Martian dates  correspond t o  t e r r e s t r i a l  da t e s  provided t h a t  10 = Id - 84' where 
lo i s  the  earth's hel iocentr ic  longitude, Id i s  t h e  hel iocentr ic  longitude of 
Mars a t  a given moment. 



G.A.Tikhov (Ref.169) compared t h e  color cha rac t e r i s t i c s  of t h e  polar  caps and 
i c e  i n  t h e  photographic region and fourid sa t i s f ac to ry  agreement. 

Dollfus  (Ref.102) plot ted t h e  polar izat ion curve of t h e  polar  cap and showed 
t h a t  t h e  polar izat ion of t h e  polar  cap during- i t s  melting i s  t h e  same as t h e  

.Cnr;na Summer 

R2 7924hhy I? M. C. 

4 1326Aug.1 
c. 

1-92? May 2M.c. 

6 	794bJuZy 11' 
M. C. 

135f Mar. 15M.C. 

Fig.78 Seasonal Variations i n  Dark Areas 
and Melting of t he  Polar Cap (Ref.86). 

polar izat ion of i c e  c rys t a l s  sub
limating when heated by a strong 
source of i n f r a red  radiation. The 
polar izat ion curve of t h e  polar 
caps corresponds t o  t h e  character
i s t i c  porous s t ruc tu re  formed dur
i n g  sublimation of i c e  crystals .  
The disappearance of t he  polar caps 
undoubtgdly occurs a t  a temperature 
below 0 C (cf. Sect.2.4). Thus, 
we a r e  not deal ing here with thaw
i n g  as such but  with sublimation 
(absence of liquid-phase stage).  

Sublimation of t h e  polar caps 
i s  closely r e l a t ed  with other phe
nomena observed on the  surface of 
Mars and primarily with t h e  dark
ening of t he  seas (F'ig.78). Be
fo re  t h e  process of sublimation 
comes t o  an end, t he  polar  caps 
break up i n t o  several  regions of 
varying brightness, with t h e  iso
l a t ed  fragments always being ob
served i n  the same port ion of t h e  
planet. The las t  fragment of t h e  
south polar cap i s  always observed 
i n  a zone locate2 roughly 6" from 
t h e  pole (cp = 83 .5, h = 30").  The 
north polar cap a l s o  i s  displaced 
with respect t o  t h e  pole, but much 
l e s s  [by roughly 1" (Ref.86)l. 
These shifts ind ica t e  t h a t  t h e  

Martian r e l i e f  i s  not smooth, a t  l e a s t  not i n  t h e  polar regions. 

Mitchell 's Mountains - t h e  very small br ight  spots observed a t  l a t i t u d e  -79  
a f t e r  t h e  south polar cap has shrunk beyond the  confines delineated by t h i s  par
a l l e l  - represent an even c l ea re r  proof of t h e  unevenness of Martian r e l i e f  /182
(Fig.79). There i s  no doubt t h a t  t hese  are elevated regions on which t h e  %haw 
ing"  i s  delayed owing t o  lower temperatures. 

&ny observers point t o  t h e  presence of a dark f r inge  along t h e  boundaries 
of t h e  polar cap during t h e  sublimation. It has been suggested t h a t  t h i s  i s  a 
consequence of t he  contrast  e f f e c t  associated with the  great brightness of t h e  
cap, but observations with a red f i l t e r  (with which t h e  r e l a t i v e  brightness of 
t h e  polar  cap decreases great ly)  i nd ica t e  t h e  r e a l i t y  of t h i s  fringe.  E a r l i e r  
it had been assumed t h a t  t h e  dark f r inge  i s  a b e l t  of l i q u i d  water le i3  a f te r  
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thawing of t h e  polar cap, but  measurements of pressure and temperature dis- /183
proved th i s .  Apparently t h i s  f r inge  represents a b e l t  of moistened ground. 

Figure 80 shows t h e  width o f t h e  south polar  cap i n  r e l a t i o n  t o  seasons of 
t h e  year according t o  observations by various invest igators .  During t h e  summer 

so l s t i ce ,  t h i s  width i s  s t i l l  as l a r g e  as 11- 19, 
completely disappearing i n  t h e  second ha l f  of 
summer. Depending on t h e  rate of fragmentation of 
t h e  polar caps and t h e  t u r b i d i t y  of t h e  atmosphere 
(at  t h e  time when t h e  substance of t h e  polar  caps 
undergoes sublimation), A.1 .Lebedinskiy and G.I. 
Salova (Ref.170) estimated t h e  thickness of t h e  
polar cap a t  - 10-1gm cm-2. A t  such a 
surface density, it would be impossible f o r  snow 
o r  f r o s t  t o  form a uniform cover of t h e  cap with
out bulges and depressions. In  t h i s '  respect, non
uniformities of t h i s  kind should have caused t h e  
v i sua l  albedo of t he  polar  cap t o  be much lower 
than t h e  observed albedo (0.7 - 0.8) Some authors 
(Ref.170) assume t h a t  t h e  polar  caps, a t  least  i n  
par t ,  represent s t a b l e  cloud formations of i c e  
crystals .  A similar opinion i s  held by N.A.Kozyrev
(Ref.139), i n  v i e w  of t h e  good v i s i b i l i t y  of polar  
caps i n  blue l i g h t  as d i s t i n c t  Prom t h e  seas and 
other dark markings. However, t h e  blue haze vei l 
ing t h e  seas t h a t  are ch ie f ly  located i n  t h e  equa
t o r i a l  and temperate b e l t s  may be absent o r  more 
transparent i n  t h e  polar  regions (cf. Sect.2.6). 

Some inves t iga to r s  (Ref.86, 171) assume t h a t ,  
i n  spring and summer, t h e  polar cap i s  a t r u e  snow 
cover blanketing a surface which, i n  autumn and 
winter, i s  covered with clouds resembling the 
clouds near t he  morning limb of t h e  disk (cf. 

Fig. 79 E t c h e l l f s  Sect.2.5). In  confirmation of t h i s  viewpoint, two 
Mountains a t  t h e  Edge of objective arguments could be ci ted:  1)The albedo& 
t h e  Polar Cap t o  t h e  of t h e  polar  cap i s  much lower i n  winter and autumn 

Left (Ref .86) 	 than i n  spring and summer; 2) i n  winter and autumn, 
t h e  s i z e  of t h e  polar  cap i s  g rea t e r  i n  blue l i g h t  
than i n  red l i g h t ,  whereas i n  spr ing and s m e r  it 

i s  t h e  same. These arguments, of course, are not conclusive. It i s  not impos
s i b l e  t h a t ,  i n  spring and summer, t he  clouds do not disappear but t h a t  t h e i r  al
t i t u d e  and albedo undergo changes. 

it i s  highly doubtful, however, t h a t  t h e  mater ia l  of t h e  polar  caps exists 
e n t i r e l y  i n  suspended state, since then it would be extremely d i f f i c u l t  t o  ac
count f o r  t h e i r  s t a b i l i t y  as we l l  as f o r  t h e  s t r i c t  r egu la r i ty  of waxing and 
waning of these caps. Most l i ke ly ,  t h e  polar  caps a r e  indeed due t o  a deposit of 
snow o r  hoarfrost  covering t h e  surface, over which a fog of i c e  p a r t i c l e s  i s  sus
pended i n  the  atmosphere. 

Spectroscopic observations do not contradict  t h e  *fcloud hypothesis of polar 
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caps. The r e f l ec t ion  spectrum of ice-crystal  clouds must contain i c e  absorp
t i o n  bands, and observations of t e r r e s t r i a l  c i r rhus clouds confirm t h i s  (F'ig.81) , 

With respect t o  polar izat ion observations, it i s  quite impossible t h a t  /186
they could f i t  both t h e  surface snow deposit  and t h e  i c e  c r y s t a l  fog. Dollfus  
i den t i f i ed  h i s  polar izat ion curve of t he  polar  cap with sublimating f r o s t  r a the r  

than with fog. Dollfus' observat ims pe r t a in  t o  
t h e  spring-summer period, when t h e  polar  cap i s  
quite free of clouds (although, possibly, not 
completely) , 

Occasionally, outside t h e  polar  caps i n  t h e  
morning hours, b r igh t  white spots appear i n  t h e  
colder regions of t h e  planet,  which subsequently 
disappear without change i n  posit ion.  Slipher
(Ref.86), l i k e  many other authors, assumed t h a t  
these spots are a r e s u l t  of t h e  deposit ion of 
f r o s t  on t h e  surface of t h e  planet. The white 
deposits usual ly  appear i n  t h e  br ight  areas  and 
a r e  much less frequently encountered i n  t h e  dark 
areas. Long ago, t h i s  l e d  t o  t h e  suspicion t h a t  
t h e  dark areas are warmer  than t h e  br ight  areas 
and probably are a l s o  lower i n  level .  The first 

Fig.81 Spectrum of Solar of these assumptions was  confirmed by measure-
Radiation Scattered by ments of t h e  infrared brightness temperature 
T e r r e s t r i a l  I ce  Clouds (Sect. 2.4.) 
(Cirrhus Clouds) i n  the  
1- 2.5 I-L Region (Crimea, 
l25-cm Reflector of t h e  Section 2.9 Continents 
S t a t e  Astronomical In
s t i t u t e  im. Shternberg, Lunar maria are shallow depressions while 
Diffract ion Spectrometer, t h e  continents are mountainous regions. With re-

June 1964). spect t o  t h e  Martian continents, t he re  i s  reason 
Solid curves - t r aces  of t o  bel ieve t h a t  they cons t i t u t e  some high ground. 
cloud spectra recorded This w a s  discussed a t  t h e  end of t he  preceding 
a t  various times; broken Section. 
curve - t r a c e  of t h e  

so l a r  spectrum. Slipher (Ref.86) pointed out t h a t  t he  
boundary of t h e  dark areas i s  always concave, a t  
t h e  terminator; however, t h i s  phenomenon hardly 

can serve t o  determine t h e  depth of t h e  Martian seas o r  oceans. Instead, i t  
s e e m  a t t r i b u t a b l e  t o  t h e i r  lower albedo, 

Photometric observations i n  the  red spectrum region ind ica t e  a smoothness 
fact.or q from 0.5 t o  1 (cf. Sect.2.6), which would imply a comparatively l e v e l  
r e l i e f ,  a t  any rate more l e v e l  than t h a t  of t h e  moon (q = 0). Earth-based ob
servations do not permit a d i r e c t  detect ion of any rugged feature  of t h e  & r t i a n  
surface; i n  difference t o  the  moon, there  i s  no observable shadow cas t  by t h e  
mountains. On t h i s  basis ,  t he  l i t e r a t u r e  o f t en  mentions 750 m as the maxi" 
estimate of the height of Martian mountains. Tombaugh [cf.(Ref.l)l showed t h a t  
t h i s  estimate, made by Lowell, contains an e r r o r  of about one order of magni
tude: t he  a c t u a l  upper Limit i s  5 km. The geographic deviat ion of t h e  summer 
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vest iges  of t h e  polar caps f r o m t h e  p o l e s . a s  w e l l  as t h e  pa t t e rn  of waning of 
t h e  south polar  cap can most probably be a t t r i b u t e d  t o  some sor t  of relief,  but 
so  far  no conclusions have been d r a m  as t o  t h e  height of such features.  

The bes t  of t h e  photographs transmitted by Wariner I V r l  (Figs.82 - 83)
show annular mountains similar t o  lunar c r a t e r s  and irregular br ight  formations 
g rea t ly  resembling lunar  mountain chains. Thus, t he  above-mentioned difference 
i n  smoothness apparently i s  of a quan t i t a t ive  nature. The qua l i t a t ive  similar
i t y  between t h e  shapes of lunar and k r t i a n  relief i s  obvious. An analysis of 
several  photographs transmitted by Mariner I V  no doubt w i l l  provide more informa
t i o n  on the  nature of t h e  Martian relief than a l l  preceding ground observations 
taken together. In  a l l ,  t h e  photographs transmitted by &r iner  I V  contain more 
than 70 detectable c r a t e r s  measuring from 4 t o  1x)km i n  diameter. Considering 
t h a t  Mariner I V  photographed approxhate ly  1% of t h e  Martian surface, it can be 
assumed t h a t  Mars has about 10,000 c r a t e r s  with a diameter of more than 4 km. 
Par t i cu la r ly  in t r igu ing  i s  t h e  photograph No.= which reveals a l a rge  br ight  arc ,  
probably t h e  w a l l  of a collapsed c r a t e r  measuring about 1x) km i n  diameter. 
slope of t he  c r a t e r  w a l l s  i s  about 10' according t o  Leighton e t  a l .  (Ref.l71), 

The 

which would mean t h a t  t h e  %hadowsll c l e a r l y  v i s i b l e  on many photographs a r e  not 
r e a l l y  shadows but merely sectors  of greater  i l lumination (the zenith dis tance 
on t h e  photographs va r i e s  from 21, t o  71'). However, as estimated by t h e  above 
authors (Ref.l71), t h e  depth of t h e  c r a t e r s  reaches several  hundred meters. The 
coordination between the  photographs and the  coordinate gr id  i s  not s u f f i c i e n t l y  
precise  f o r  determining t h e  morphological differences between the  dark and br ight  
areas.  

. .  
30' 33U" 30U0 27U0 Z4U0 270" 78U0 750" ?ZOO 90' 6Q0 .?io 

Fig.82 Chart of &rs, Showing the  Location of Sectors 
Photographed by Mariner IV. 

The continents, unlike t h e  seas ( S e ~ t . 2 . 1 0 ) ~a r e  not subject t o  va r i a t ions  
i n  brightness o r  color. According t o  Kuiperts observations (Ref .&),  t he  con-



Fig.83 The Two L e f t  and t h e  Upper Right Photographs Represent 
Frame No.1 from the  Series  of F'hotographs of t he  b r t i a n  

Surface Taken on July 14,1965 by Mariner IV. 
Distance t o  surface: 17,000 km. A limb zector of 650 km iength 
was photographed. Position: Lati tude 35 N, longitude 172 E. 
Orange f i l ter .  Upper l e f t  photograph - frame without supplementary 
work-up, i n  the  form i n  which it was  d i r e c t l y  transmitted by 
b r i n e r  IV. Left bottom - same frame af ter  p r e l i r y  work-up 
on Ju ly  15,1965. Right t op  - final processed variant,  with a 
roughly doubled contrast .  Right bottom - f r y e  Noell. Approx
imate locat ion - l a t i t u d e  31 S, longitude 197 E (Atlantis,  be
tween Mare Sirenum and Mare Cimmerium). Distance t o  surface; 
12,500 km. North a t  top. Zenith dis tance of t he  sun: 47'. 
Green f i l t e r .  Contrast magnification 4 X.  Dimensions of 
photographed region: 270 (N - S) x Z!+O (E - W) km. 



trast  between the  continents and seas i n  the  Ah 0.6 - 2.5 CL range does not vary, 
so t h a t  t h e  wavelength dependence of the  mean  geometric albedo of Mars p(A) 
within t h i s  range (cf. Fig.55) can be used f o r  ident i fying the  material  of t he  
Martian surface. The region i n  the  d i rec t ion  of shorter  wavelengths i s  masked 
by the blue haze effect .  The curve of p(h) has a highly charac te r i s t ic  slope;
it has i t s  maximum i n  the region Ah 1.2 - 1.6 CL and drops s teeply i n  d i rec t ion  
of shorter  wavelengths (apparently along the  i n i t i a l  segment of t h i s  descent, 
atmospheric absorption i s  not yet  a major fac tor ) ;  this i s  followed by a gentle 
downward slope of the  curve i n  the  region Ah 1.8 - 2.5 CI. and an ascent i n  the  
region Ah 3 - 4 Thus, near A 2.5 - 3 CL a wide absorption band appears; un
fortunately,  i ts cen t r a l  portion cannot be traced owing t o  superposition by t h e  
strong t e l l u r i c  Ha0 A 2.7 p band. 

I I I I I I 1 1 1  I 1 	 in the  spectra of rocks and minerals contain
ing water of c rys ta l l iza t ion .  The sharp de
crease i n  r e f l e c t i v i t y  in t h e  d i rec t ion  of

g6O- shorter  wavelengths i s  charac te r i s t ic  of i ron  
oxides. The curve of p(A) great ly  resembles /190

Q5O- t he  curve of the  spec t ra l  r e f l e c t i v i t y  of 
brown hematite or l imonite Fez03 nHz0 

g40- (Fig.84). Other authors (Ref.94, 172-174), 
based on t h i s  s imilar i ty ,  independently con

g30 -	 cluded that the Martian s o i l  may contain la rge  
quant i t ies  of limonite. The high absolute 
value of the  albedo near A 1.5 CL indicates-azo that Iulzrtian limonite would ex i s t  in a f ine ly  
divided s t a t e ,  a t  l e a s t  i n  t h e  surface layer.-a70 The r e l a t ive ly  l o w  brightness radiotemperature 
of Mars (230%; cf .  Sect.2.4) suggests t h a t  

I 1 I I I I I I I  I 1 t h i s  pulverized surface layer  i s  a t  l e a s t  
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t i o n  of polar izat ion s tudies  (Ref.102) H e  examined severa l  hundred specimens 
of various t e r r e s t r i a l  rocks, of which not a s ingle  one - except f o r  l imonite -
s a t i s f a c t o r i l y  f i t t e d  t h e  Pkrt ian polar iza t ion  curve. Sharonov (Ref .175) simi
l a r l y  interpreted photometric and colorimetric observations i n  the  region h < /191
< 0.7 p, but h i s  approach i s  the  l e a s t  r e l i a b l e  because of t he  possible influence 
of t he  Martian atmosphere on the  albedo and color of t h e  planet. 

Fromthe ve loc i ty  of t h e  revers ib le  react ion 

i t  i s  possible t o  estimate the  equilibrium concentration of &O i n  the  atmo
sphere. This w a s  done by Adamchik (Ref.176). The equilibrium content of H2O i n  
t h e  Pkrtian atmosphere ranges within t h e  limits from 2 X t o  6 X -q 
0 cm’2, according t o  observations which give a value of 1.4 X gm cm 
(Sect.2.3). The r a t e  of decomposition of l imonite i s  an exponential function 
of temperature, and the  equilibrium pressure of Ha0 must be greater  i n  regions 
where the  temperature i s  higher. 

.. 
Opik (Ref.82) mentioned meteori t ic  i r o n  a s  a possible  source of l imonite on 

t h e  surface of Mars. Mars moves i n  the  immediate neighborhood of the  as te ro id  
b e l t  so t h a t  t h e  f a l l  of meteorit ic mater ia ls  i n  comparatively recent epochs may 
have had a grea te r  inf luence on the  formation of t he  surface of Mars than on 
t h a t  of t he  earth.  The Emt ian  c ra t e r s  detected on t h e  photographs, taken a t  
c lose quarters  by t h e  Mariner I V  in te rp lane tary  spacecraft ,  a r e  most l i k e l y  of 
meteorit ic origin.  Lastly, it might wel l  be t h a t  t h e  process of grav i ta t iona l  
d i f f e ren t i a t ion  of elements has been slower on Mars than on ear th  and t h a t  thus 
i t s  crust  has become enriched i n  iron. On earth,  l imonite i s  formed by the  
in te rac t ion  between ‘the weathering products of s i l i c a  rocks and water and f r e e  
oxygen. It might seem t h a t ,  on t h e  Mwtian surface, t he  r a t e  of  formation of 
l imonite should be much slower, but t h i s  question requires  a painstaking study.
For example, t he  presence of even minute amounts of ozone near t he  surface may 
accelerate  the  r a t e  of formation of limonite. 

Section 2.10 Dark Areas 

The l a rges t  of t he  Martian dark a reas  a r e  termed seas (Mare). Smaller 
areas  a r e  known as lakes  (Lacus) o r  oases (Oase). Canals i n t e r s e c t  a t  t he  oases. 
Dark spots of low contrast  a r e  termed bogs (Palus) and t r iangular  protrusions
of the  seas a r e  cal led bays (Sinus). The dark areas  have t h e i r  own names, l i k e  
t h e  continents. The nomenclature of t h e  Pkrtian regions had been updated by 
Schiaparell i .  The In te rna t iona l  Astronomical Union recent ly  introduced ce r t a in  
new names, but i n  general  t he  changes a r e  minor. 

An observer who first views Mars through a telescope normally w i l l  e x p e r i - a  
ence disappointment. He can d is t inguish  between the  polar  caps, discern the  
Syr t i s  k j o r  (if t h e  proper s ide  of Mars faces  him), but t h a t  i s  usual ly  t h e  end 
of it. To iden t i fy  even the  l a r g e s t  of t h e  seas, a ce r t a in  skill i s  required. 
Figure 63 presents s i x  photographs of Mars, t h a t  may be of some assis tance t o  
t en ta t ive  or ientat ion.  These photographs generally d i f f e r  by 60’ i n  longitude 
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of t h e  cen t r a l  meridian and were taken under roughly i d e n t i c a l  conditions of 
v i s i b i l i t y  and transparency of t h e  Martian atmosphere. L e t  u s  examine these 
photographs by r e fe r r ing  t o  t h e  chart  (Fig.64). On t h e  first photograph, Mare 
Erythraeum i s  a t  t h e  center. To t h e  l e f t  of it, a t  t h e  bottom, the re  i s  t h e  
t r i angu la r  Sinus Margaritifer. Adjoining t h e  apex of t h i s  t r i a n g l e  i s  O x i a  Palus. 
A t  t h e  north limb the re  appears t h e  darkish Mare Acidalium, separated from Mare 
Frythraeum by t h e  br ight  regions Chryse and Xanthe. To t h e  l e f t ,  i n  t h e  south
eastern p a r t  of t h e  l i m b ,  we have Eden (Moab). The Southern Mare Australe i s  
separated from Mare Erythraeum by t h e  continents Argyre and Ogyg is  Regio. The 
br ight  region Thaumasia, a t  whose center t he re  l i e s  a dark spot Sol i s  k c u s  
l inked t o  Mare Erythraeum by the  Nectar S t r a i t ,  stands out d i s t i n c t l y .  A simi
lar comparison of t he  other  photographs with t h e  chart  i s  l e f t  t o  t h e  reader's 
discret ion.  Note tha t ,  i n  v i sua l  observations, a perception on the  disk of as 
many d e t a i l s  as a r e  s h m  by these photographs i s  possible only a t  extremely good 
v i s i b i l i t y .  Anything more than t h a t  requires  an excellent image and f i r s t - c l a s s  
optics.  

It can be seen from t h e  chart  and the  photographs t h a t  t h e  seas a r e  ch ie f ly  
concentrated i n  t h e  southern portion of t h e  disk. It i s  here t h a t  they merge, 
with t h e  darkest  of them - Mare Sirenum, Mare Cimmerium, &re Tyrrhenum, S y r t i s  
f i do r ,  Sinus Sabaeus - forming a b e l t  extending over t h e  l a t i t u d e s  from 0' t o  
30 . The t r iangular  bays whose apices ch ie f ly  face north are noteworthy. The 
maria i n  the  northern port ion of t h e  disk a r e  much smaller i n  area and more iso
la ted.  The l a r g e s t  of them, Mare Acidalium, has the  shape of a t r i a n g l e  whose 
apex faces  south. 

The average contrast  between seas and continents w a s  already discussed i n  
Sections 2.6 and 2.9 (cf. Table 32). Visual contrast  undergoes marked seasonal 
as wel l  as random f luc tua t ions  ( the l a t te r  a r e  associated with var ia t ions i n  
transparency of t he  f i r t i a n  atmosphere. Most observers, including such experi
enced ones as Tombaugh, Slipher, and Barabashev, assess  the  color of t h e  maria 
as bluish. Some of these ( fo r  example, Kuiper) consider t h e i r  hue as neutral .  
Objective spectrometric (Ref.139) and colorimetric data [e.g. (Ref.144) 1 show /193
t h a t  t he  energy d i s t r i b u t i o n  i n  the  spectrum of t h e  seas and continents i s  s s 
lar but t h a t  t h e  curve f o r  t he  continents i s  somewhat steeper (Fig.71 and 
Table 32) .  It i s  thought t h a t  t h e  hues which are sometimes acquired by the  Mar
t i a n  dark areas  and which the  writer a l s o  observed during the ' favorable  opposi
t i o n  of 1956, a r e  not r e a l  but caused by some physiological e f f e c t s  (Ref.l;?l). 

Physiological e f f e c t s  probably a l s o  govern the  question of t h e  canals. 
Schiaparel l i  and Lowell saw them as s t r a igh t .  They a l s o  discovered a number of 
geminations of such canals. Schiaparel l i  and Lowel l  were sure t h a t  t h e  % r t i a n  
canals are,  i f  not a r t i f i c i a l  s t ructures ,  then a t  l e a s t  s t r i p s  of vegetation ex
tending along t r u e  water a r t e r i e s .  French observers, beginning with Antoniadi, 
i n s i s t e d  t h a t  t hese  l i n e s  a r e  no llcanalslla t  a l l  and are instead composed of 
mottlings and spots i r r e g u l a r l y  scat tered throughout t h e  disk, ex i s t ing  j u s t  a t  
t he  threshold of vision, owing t o  imperfections of t he  eye, perceived as a g r id  
of s t r a i g h t  l i nes .  The v i s u a l  sketches by Antoniadi showed b e t t e r  resolut ion 
than Lowell ' s  sketches and t h e  l i v e l y  dispute on t h e  canals which flourished a t  
the  t u r n  of t.he Century culminated i n  t h e  v i c to ry  o f t h e  French school. Re
cently, Slipher (Ref.86) advanced a new argument i n  defense of t h e  r e a l i t y  of 
t h e  canals. He agrees t h a t  t h e  canals may have a d e f i n i t e  f ine s t ruc tu re  but 
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emphasizes t h a t  they represent real  r e c t i l i n e a r  features. Slipher’s book in
cludes inserts of d i r e c t  photographic p r i n t s  of a number of negatives of Mars, 
which d i s t i n c t l y  show canals. Alongside t h e  photographs, he gives visual 
sketches. By far  not a l l  canals shown on t h e  sketches a r e  v i s i b l e  on the  photo
graphs, but t h e  opposite i s  a l s o  t rue.  

The photographs taken by t h e  cameras of “Mariner IVI1 show no r e c t i l i n e a r  
features t h a t  could be in t e rp re t ed  as canals. Thus, canals i n  t h e  sense i n  which 
they had been construed by Schiaparel l i  and Lowel l  do not in f a c t  exist. How
ever, t h e  Mariner I V  photographs cover only a very small port ion of t h e  plane
t a r y  surface and do not r u l e  out t h e  possible presence of beaded chains of dark 
spots measuring several  t ens  of kilometers i n  diameter, s t r e t ch ing  along t h e  
great c i r c l e s ,  and perceived i n  ground observations as s t r a i g h t  l i nes .  Patches 
of t h i s  kind may be f i e l d s  of lava t h a t  had formed along the f a u l t  l ines of t h e  
continental  crust .  Gifford (Ref.178) assumes t h a t  t h e  %analsll a r e  dunes in t e r 
sect ing t h e  Martian deser ts ,  but t h i s  does not explain why such dunes should be 
dark, unless they a r e  narrow (several kilometers) r idges with appreciable de
c l i v i t i e s .  The l a t t e r  assumption must be rejected,  s ince narrow s t r a i g h t  fea- & 
t u r e s  of t h i s  kind would have been d e f i n i t e l y  v i s i b l e  on t h e  photographs taken 
by Mariner IV.  

Fig.85 Sketches of t h e  Syr t i s  Major Region and of t h e  
Double Canals Thoth and E l o s y r t i s  according t o  

Observations with t h e  60-Inch Reflector a t  Pic du Midi. 
a - Medium image quality; b - Ejccellent quality (Ref.22) 

The low atmospheric pressure precludes t h e  existence of open water bodies 
on Mars, but it might be a p r i o r i  conceivable t h a t  t h e  Martian maria a r e  not 
f i l l e d  with water but with some other f l u i d  having a l o w  saturated vapor pres
sure. This a l s o  cannot be; a de t a i l ed  analysis  of t h e  bes t  photographic nega
t i v e s  as w e l l  as careful  v i sua l  observations show t h a t  t h e  maria have a f i n e  
s t ruc tu re  (Fig.85 so t h a t  t h e i r  surface must be nonuniform. Moreover, V.G. 
Fesenkov (Ref.177 1 noted t h a t  an open l i q u i d  surface, measuring more than 300 m 
i n  diameter, would r e f l e c t  perceptible highlights. The polar izat ion curve of 
t h e  seas hardly d i f f e r s  from t h a t  of t h e  continents (Ref.137). 

By way of a working hypothesis it my be assumed t h a t  t h e  nature o f t h e  



s o i l  i n  t he  Martian seas  and on the  continents i s  the  same (limonite) but thq  
surface of the  maria i s  one-third covered with patches having an extremely lmr 
albedo. This would account not only f o r  t h e  iden t i ca l  polar izat ion but a lso for  
t h e  wavelength independence of contrast  i n  t h e  red and inf ra red  spectrum regions. 

Even one and t h e  same observer never sees Mars e x a c t l y t h e  same as he had 
seen it previously. The qua l i t y  of t h e  image changes, a s  do the  angular dimen
sions of t h e  d isk  and t h e  conditions of i l lumination of t h e  features.  Natural
ly ,  a comparison of t he  findings of d i f f e ren t  observers i s  a d i f f i c u l t  t a sk  and 
not infrequently r e s u l t s  i n  contradictions;  t h e  problem of the  canals i s  an 

exp l i c i t  example. Nevertheless, t he  changes 
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i n  brightness and configuration of t h e  Martian 
fea tures  a r e  so d i s t i n c t  t h a t  generally t h e  ob
servers  a r r i v e  a t  compatible conclusions con
cerning t h i s  question. Three types of changes 
a r e  observed: regular seasonal changes, which 
recur each Martian year; unstable seasonal 
changes, wi th  t he  appearance of the same re
gions d i f f e r ing  each year i n  the  spring; and 
sudden d i s t i n c t  changes, which pe r s i s t  over 
prolonged periods of time. 

A s  a prominent example of seasonal changes, 
Slipher mentioned Pandorae Fretum (Fig.78) 

Fig. 86 Seasonal Variation This region i s  a t  i t s  darkest i n  summer, when 
of Syr t i s  Major (Ref.84). it occupies an area of mill ions of square k i lo

meters, roughly the  same a s  t h a t  occupied by 
Sinus Sabaeus which runs p a r a l l e l  t o  it. In  

autumn and winter, t h i s  area cannot be distinguished against  t he  background of 
t h e  surrounding br ight  regions. Similar changes i n  contrast ,  more o r  l e s s  dis
t i n c t ,  have a l so  been observed fo r  other dark areas.  Not only t h e  brightness 
but t he  out l ine  varies.  Thus, Sy r t i s  %jar i s  more narrow a t  per ihel ion (ABC) 
(Fig.86) while, during winter i n  the  Northern Hemisphere, it bulges eastward a t  
aphelion (ADC) . 

The darkening of each region occurs l a t e r  t h e  lower i t s  l a t i t ude ,  wi th  the  
wave of darkening propagating a t  a rough1 constant r a t e  (about 30 km/day). De 
Vaucouleurs (Ref. 5) and Focas (cf.  Ref. 224 invest igated t h i s  process i n  de t a i l .  
In  the  equator ia l  zone two waves of darkening a r e  observed: one, during the  
melting of t h e  south polar cap and the  other, during the  melting of the  north 
polar  cap. A s  a r e su l t ,  t h e  dark a reas  near t h e  equator show t h e  grea tes t  con
trast. The dark areas  i n  the  high and temperate l a t i t u d e s  may reach the  same 
contrast  a s  t h e  equator ia l  areas,  but only f o r  a short  time; following the  pas
sage of t h e  wave, they become brighter .  

During each Martian year, t he  seasonal wave changes the  appearance of t h e  
Thoth, Casius, Utopia, Nepenthes Regio (Ref.22). The contour of Sol i s  h c u s  of
t e n  changes (Ref.84). These cons t i tu te  changes of t he  second type: semiregular. 
Lastly, pronounced i r r e v e r s i b l e  changes sometimes encompass vast regions of t h e  
planet. Unti l  1950, Iaestrygonum Sinus had been c l a s s i f i ed  as a bay of Mare 
Cimmerium. However, subsequently pa r t  of Mare Cimmerium south of Laestrygonum 



Sinus suddenly became b r igh t  and now Laestrygonium Sinus (if t h e  few canals 
l inking it t o  t h i s  mare are disregarded) i s  i s o l a t e d  from Mare Cimmerium 
Generally, however, t h e  ou t l ines  o f t h e  dark areas remain constant. It i s  as
tonishing t h a t  t h e  in t ense  dust storms usual ly  produce no changes i n  these out-
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Fig. 87 Seasonal Changes i n  Polariza
t i o n  of t h e  Dark Areas; the  Difference 
i n  Polarization between t h e  Seas and 
Continents i s  Gven as a Function of 
t h e  Heliocentric Longitude of Mars 

(Ref ,102). 

l i n e s ;  af ter  a dust  storm i s  over 
they  a r e  exactly as they had been 
p r i o r  t o  i t s  onset. 

Dollfus ( R e f  .102) found seasonal 
changes i n  t h e  po la r i za t ion  of dark 
and b r igh t  areas. Figure 87 shows 
t h e  difference i n  t h e  polar izat ion of 
t h e  dark and b r i g h t  areas as a func
t i o n  of t h e  he l iocen t r i c  longitude. 
In  spring, an anomalous negative po
l a r i z a t i o n  takes  place, which disap
pears again toward t h e  end of summer. 
This anomaly may be interpreted as 
t h e  e f f e c t  of a temporary increase i n  
t h e  s i z e  of t h e  l ight-scat ter ing 
grains  or perhaps as t h e  e f f e c t  of 
t h e  formation of l a r g e r  grains. 

When t h e  wave of darkening 
reaches t h e  equator, t h e  dimensions 
of t h e  po la r  cap start shrinking but 

i t s  sublimation apparently commences much ea r l i e r .  Spectroscopic and polariza
t i o n  observations (cf. Sect.2.8) show t h a t  t h e  po la r  cap consis ts  of snow or 
f rost .  On t h e  other hand, recent spectroscopic observations by Spinrad, &ch 
and Kaplan (Ref.92) d i r e c t l y  detected water vapor i n  t h e  atmosphere of Mars. 
Apparentlythe seasonal wave of darkening i s  associated with t h e  c i r cu la t ion  of 
HzO i n  t h e  & r t i a n  atmosphere, which increases during sublimation of t h e  polar  
cap. Darkening and t h e  change i n  polar izat ion may be associated e i t h e r  simply 
with t h e  increase i n  moisture content of t h e  surface mater ia l  or with a c t i v i t y  
of a biosphere. Dollfus investigated t h e  polar izat ion of various plants  and con-
pared it with the  polar izat ion of t h e  dark areas. There was no resemblance 
with t h e  higher p l an t s  i n  general. However, it w a s  found t h a t  s l i g h t  changes i n
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polar izat ion similar t o  those observed may a l s o  be exhibited by microorganisms 
scat tered l i k e  dust  over a given surface. %ny types of microorganisms are high
l y  adaptable. A b r igh t ly  colored pigment may afford some protect ion from sharp 
changes i n  temperature. The algae Nivalis, which inhabi t  a lp ine  snows, s t a i n  
l a rge  areas during c e r t a i n  seasons. It may be t h a t  t h e  apparent changes i n  
coloration of t h e  Martian seas are of similar origin.  On t h e  other hand, sea
sonal changes i n  polar izat ion may, of course, be a t t r i b u t e d  t o  t h e  presence of 
minute hygroscopic p a r t i c l e s  which increase i n  s i z e  (or  i n  r e f r a c t i v e  index) when 
moist and which change i n  color as well. 

A t t e m p t s  a t  a spectroscopic comparison of t h e  r e f l e c t i v i t y  of t h e  Martian 
seas  with t h a t  of t e r r e s t r i a l  vegetation have been made repeatedly. Slipher 
(Ref ,179) and G.A.Tikhov (Ref.180) attempted t o  de t ec t  chlorophyll bands i n  the  
Martian spectrum but fa i led.  Kuiperts spectrophotometric s tud ie s  of t h e  dark 
areas i n  the  infrared spectrum ind ica t e  t h a t  t h e  spectra  of t h e  maria do not 
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show t h e  increase i n  r e f l e c t i v i t y  in the  region 0.7 < < 1. k which i s  charac
t e r i s t i c  of higher terrestrial plants  (Fig.88). G.A.Tikhov ‘tR e f  .18l) found t h a t  
t h e  infrared r e f l e c t i o n  ma- i s  g rea t ly  attenuated i n  t h e  r e f l e c t i o n  spectrum 
of t e r r e s t r i a l  vegetation belonging t o  the  f l o r a  of Arctic o r  a lp ine  regions 
with a harsh climate. The lower plants,  such as mosses, algae, fungi, o r  lichens, 

lack t h i s  m a x i ” .  The r e f l ec t iv 
i t y  of these plants  i s  l o w  and 

I I I I I I I I I  
v i r t u a l l y  constant within t h e- limits from 0.5 t o  2.5 p. There 

-	 i s  nothing surpr is ing about t h e  
absence of higher plants.  Plants-
similar  t o  t e r r e s t r i a l  vegetation 

- with h i  h water content of t h e  
t i s s u e  ‘iwhich, incidental ly ,  ac
counts f o r  t h e  decrease i n  reflec-

Q4 06 08 10 ZZ 14 %6 18 20 Z 2 4 p  	
t i v i ty  i n  t h e  region h > 1.5 p and 
t h e  absorption bands a t  1.4 P and 
2.0 P; cf. Fig.88) would be unable 

Fig.88 Typical Curves of Re f l ec t iv i ty  t o  survive i n  t h e  Martian climate 
o f :  a - Higher Plants;  b - Lichens. with i t s  l o w  nocturnaltempera-
Ordinate: albedo i n  a r b i t r a r y  units tures.  

(Ref .4). 
Lichens - t he  hardiest  p l an t s  

on ear th  - exhibi t  a highly char
a c t e r i s t i c  feature  i n  t h e  r e f l e c t i o n  spectrum: t h e  h 3.43 p absorption band. 
This band represents t h e  fundamental v ib ra t iona l  frequency of t h e  CH chain, a 
chain which i s  an elementary consti tuent of hydrocarbon molecules. Depending on 
t h e  nature of t h e  molecule, t h e  wavelen h may vary within spec i f i c  limits. For 
simple molecules i t  i s  somewhat longer 3.3 P f o r  CH4) and f o r  complex 
molecules, shorter.  

I n  t h e  3 - 4 p i n t e rva l ,  t h e  e a r t h t s  atmosphere i s  s u f f i c i e n t l y  transparent,  
but t h e  i n t e n s i t y  i n  t h e  spectrum of Mars near h 3.5 PJ i s  comparatively low since 
t h i s  i s  exactly where the  boundary runs between the  regions of ref lected and 
na tu ra l  radiat ion (cf. Fig.20). Hence t h e  spectrum of Mars i n  the  3 - 4 CL i n t e r 

v a l s  could be obtained only with a Limited resolut ion KA-= 80 i n  Sintonfs  
h

s tud ie s  (Ref.89, 90, 182) and Oh 40 in our own study (Ref.94)]. According 

t o  Sinton (Ref.89, 90), three absorption bands exist i n  t h e  spectrum of t h e  dark 
markings (h 3.43, 3.56 and 3.67 p) i n  t he  3.4 - 3.7 p region; t he  spectrum of 
the  continents does not contain these bands. Detai ls  with similar wavelengths 
but of a weaker nature have been detected i n  t h e  spectrum of t h e  entire disk by 
us (Ref.94). The r e a l i t y  cf t hese  bands has long been considered i r r e fu t ab le ,  
and they had been regarded as a strong argument i n  favor of t h e  e x k t e n c e  of 
lower plants  on firs. Sinton assumed t h a t  they p e r t a i n  t o  a l l  t h r e e  bands, but 
some observers [cf.  f o r  example (Ref.183-185)l w e r e  of a d i f f e ren t  opinion. 
Special experiments w e r e  made and extensive l i t e r a t u r e  w a s  accumulated. Recent
ly,  however, Sinton, i n  an a r t i c l e  co-authored by Rea and OTLeary (Ref.186), es
s e n t i a l l y  abandoned h i s  discovery, declaring t h a t  t h e  comparison spectra  were 
in su f f i c i en t ly  r e l i a b l e  since t h e  continents and seas had been observed on dif
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f e ren t  nights and t h a t  t h e  bands i n  t h e  3.4 - 3.7 P region might be t e l l u r i c  and 
pe r t a in  t o  water enriched with deuterium (mixture of HDO and DzO). I n  f ac t ,  
random va r i a t ions  i n  moisture content might lead t o  an e r r o r  of t h i s  kind. Simi
lar  doubts could a l s o  be voiced with respect t o  t h e  spectrum published by us 
(Ref.94, 187), s ince  t h e  sun was used as t h e  comparison source (although it was  
observed a l s o  on t h e  morning following t h e  observations of  Mars). New observa
t ions,  with careful coordination of reckoning with t h e  moon o r  stars a t  t h e  same 
zeni th  dis tance and on t h e  same night, are needed. It would a l s o  be highly im
portant  t o  increase t h e  s p e c t r a l  resolution. 

Even if Sinton's bands a r e  rejected,  four arguments i n  favor of t h e  ex
i s t ence  of a biosphere on Mars st i l l  remain: 1) seasonal va r i a t ions  i n  contrast
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of the  dark markings i n  r e l a t i o n  t o  t h e  continents; 2) a b i l i t y  of t h e  dark mark
ings t o  r e tu rn  t o  t h e i r  o r ig ina l  appearance following s t r o n  dust storms; 3 )  
seasonal var ia t ions i n  polar izat ion of t h e  dark markings; 47 greenish-blue hues 
of t he  dark markings. 

Argument (2) seems f a i r l y  convincing. The frequent dust  storms should have 
covered the  planetary surface with a th i ck  and uniform layer of yellowish dust  
if t h e r e  w e r e  no vegetation t o  r e s to re  t h e  appearance of t h e  dark regions. On 
ea r th  the re  e x i s t  a r i d  dese r t  regions without vegetation but nevertheless mark
edly differ ing i n  coloration. However, t h e  earth 's  d e s e r t s  are i so l a t ed  regions 
surrounded by regions of g rea t e r  moisture which absorb t h e  pulverized mater ia l  
transported from t h e  rocky plateaus. If t h e  dark areas a r e  lowlands, it would 
be d i f f i c u l t  t o  conceive how they could avoid becoming covered by dust unless 
they are blanketed with vegetation. If t h e  recovery of t h e  appearance of t h e  
dark areas i s  unrelated t o  vegetation, it must be assumed t h a t  they are elevated 
rocky plateaus. However, polar izat ion observations show t h a t  t h e  surfaces of 
t h e  continents and seas are of a similar nature. 

V.G.Fesenkov (Ref.188), i n  denying t h e  existence of a Martian biosphere, 
pointed t o  t h e  extremely severe climatic conditions cha rac t e r i s t i c  of t h e  Martian 
surface: low pressures, extremely l o w  temperatures i n  winter and a t  night in 
summer (cf. Sect.&&), extremely l o w  content of water i n  t h e  atmosphere, and 
lack of oxygen. Opik (Ref.82) noted t h a t  l o w  temperatures may be a favorable 
factor,  s ince they promote the  extract ion of w a t e r  from t h e  Martian atmosphere; 
a t  night during t h e  sharp temperature drop, t h e  w a t e r  would then deposit  on t h e  
surface i n  t h e  form of hoarfrost  and could t h e r e  be assimilated by t h e  Martian 
organisms. A number of s tud ie s  (Ref.189, 190) showed t h a t  under nearMartian 
conditions, a t  l o w  temperatures and i n  t h e  absence of oyygen and water, c e r t a i n  
anaerobic s o i l  bac t e r i a  not only do not d i e  but even p ro l i f e ra t e .  Any sample of 
t e r res t r ia l  s o i l  taken a t  random contains a c e r t a i n  number of such bacter ia  
(Ref ,191). Clearly, t h e  spec i f i c  Martian microorganisms which, under correspond
i n g  conditions, may have t raveled the lengthy path of evolutionary development 
and natural selection, would have had more chances t o  adapt themselves t o  t h e  
Martian conditions and it i s  not impossible t h a t  complex l i f e  forms may e x i s t  on 
Mars although most l i k e l y  not resembling t e r r e s t r i a l  forms of l i f e  [cf.  f o r  ex
ample t h e  book by K.A .Lyubarskiy (Ref .  292) 1. 

Various authors made an attempt a t  accounting f o r  t h e  complex ent i ty  of 
t h e  properties of t h e  Martian dark areas, without presupposing t h e  existence of 

/x>o 
a biosphere. One such hypotheses was developed by McIaughlin (Ref.192, 193). 
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He mentioned t h e  d i s t i n c t i v e  shape of t h e  dark a reas  i n  t h e  Southern Hemisphere, 
extending from southeast toward southwest. Their o r i en ta t ion  generally corre
lates with t h e  d i r ec t ion  of movement of t h e  clouds during summer i n  t h e  Southern 
Hemisphere. Another important d e t a i l  i s  consti tuted by t h e  t r i angu la r  bays a t  

I I 

Fig.89 Relationship between Posit ion of t h e  &ria and 
Principal  Wind Direction, according t o  McLaughlin 

(Ref.152). 

t h e  northern boundaries of t h e  maria. McLaughlin assumes t h a t  t h e  maria a r e  
coated with dark volcanic ash ejected by volcanoes located a t  t h e  apices  of the 
t r i angu la r  bays and transported by tradewinds t o  t h e  south, since t h e  system of 
tradewinds corresponding t o  summer i n  the  Southern Hemisphere i s  more powerful 
than the  inverse system occurring during summer i n  t h e  Northern Hemisphere. The 
reason f o r  t h i s  l i e s  i n  t h e  f a c t  t h a t  summer i n  t h e  Southern Hemisphere cor
responds t o  t h e  perihelion. Figure 89 i l l u s t r a t e s  t h e  pa t t e rn  of formation of 
the maria according t o  McLaughlin. The general ou t l i nes  and posi t ion of t h e  seas 
remain constant, s ince they a r e  determined by continually ac t ive  volcanoes and 
by the  p r inc ipa l  d i r ec t ion  of t h e  tradewinds. Variations i n  t h e  r a t e  of vol
canic eruptions may cause numerous irregular changes. Certain types of seasonal 
changes a r e  s a t i s f a c t o r i l y  explained by changes i n  wind direct ion.  A s  pointed 
out above, t h e  eastern boundary of S y r t i s  MAjor s h i f t s  periodically,  somewhat /x)1
receding af ter  per ihel ion and bulging outward a f te r  aphelion. Figure 90 shows 
how t h i s  e f f e c t  might be explained by a seasonal change i n  p r inc ipa l  wind direc
tion. It i s  assumed t h a t  t h e  volcano, representing t h e  source of t h e  igneous 
material, i s  located a t  point A. During winter i n  t h e  Northern Hemisphere ash 
i s  transported from point A toward t h e  southwest. Near t h e  equator t h e  wind -
and along with it t h e  flux of ash - veers south, occupying t h e  area between the  
l i n e s  ABC and ADE. During the same period, t h e  region between AFE and ADE be
comes covered by t h e  red dust transported f r o m t h e  region G. With t h e  advent of 
summer i n  t h e  Northern Hemisphere t h e  wind d i r ec t ion  changes, ash i s  transported 
t o  t h e  region between AFE and ADE, and S y r t i s  Major expands i n  area. 

McLaughlints hypothesis s a t i s f a c t o r i l y  accounts f o r  t h e  posit ion,  shape, 
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metric and polarimetric charac
t e r i s t i c s  can be explained only 
on t h e  assumption t h a t  volcanic 
ash does not form a continuousPF FDOblanket over t he  surface. 

A+20" &\?f \\M 
\ I  

I 
B.M.Vladimirskiy and K.A. /x>2 

A\I -Tzu0 Lyubarskiy (Ref.193aj objected 

Volcanic a c t i v i t y  may be a major f ac to r  i n  t h e  formation of a microclimate 
pa r t i cu la r ly  favorable t o  t h e  development of a biosphere: higher temperatures, 
p o s s i b i l i t y  of extract ion of water from t h e  s o i l  (whereas, i n  the  other regions, 
t h i s  i s  blocked by t h e  permafrost). Lastly, s o i l  f e r t i l i t y  may increase owing 
t o  t h e  admixture of volcanic ash (Ref.194). Combining t h e  volcanic hypothesis 
with t h e  hypothesis of vegetation furnishes a s a t i s f a c t o r y  explanation of t h e  
shape, or ientat ion,  and seasonal var ia t ions of t h e  maria. Vegetation i n  i t s e l f  
cannot account f o r  t h e  shape and or ientat ion of t h e  dark areas,  while t he  vol
canic hypothesis alone cannot account f o r  t h e  seasonal wave of darkening. 

The scale  of volcanic a c t i v i t y  required f o r  t h i s  i n t e rp re t a t ion  need not 
g rea t ly  exceed the  t e r r e s t r i a l .  For a major change i n  t h e  albedo, it i s  suf
f i c i e n t  t o  coat t h e  surface with a l aye r  of ash averaging 1mm i n  thickness. The 
blanketing of an area measuring 1000 X 1000 km2 requires  one cubic kilometer of 
volcanic ash. During major volcanic eruptions on earth, an even greater  amount 
of volcanic ash i s  sometimes ejected. The dis tances  over which the  ash i s  car
r ied by winds during t e r r e s t r i a l  eruptions a l s o  a r e  comparable i n  scale  t o  t h e  
dimensions of t h e  l h r t i a n  seas. During t h e  s t rong eruptions of Vesuvius i n  472 
and 1631, ash w a s  deposited as far away as Constantinople, a dis tance of 1200 km. 
In  1932 following the  eruption of four volcanoes i n  t h e  Andes, considerable 
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masses of ash f e l l  on Buenos fires. 

V.V.Sharonov (Ref.195) attempted t o  account f o r  t h e  propert ies  of t h e  seas 
without r e so r t ing  t o  e i t h e r  vegetation o r  volcanoes. He believed t h a t  t he  maria 
are regions i n  which weathering processes are highly ac t ive  and a g rea t  dea l  of 
pulverized mater ia l  i s  formed. The weathering products a r e  per iodical ly  carr ied 
o f f  by tradewinds. In summer, when t h e  amount of t h e  weathering products i s  a t  
a minimum, f r e sh  dark surface i s  l a i d  bare, leading t o  t h e  occurrence of a 
s l i g h t l y  anomalous polarization. Such an in t e rp re t a t ion  i s  extraordinar i ly  at
t r ac t ive ,  s ince i t  introduces a "mof unproved assumptions. However, it 
does not account f o r  t he  presence of a seasonal wave of darkening and i t s  r e h 
t ionship t o  t h e  melting of t h e  polar caps. It i s  unclear why t h e  br ight  areas 
f a i l  t o  r eac t  t o  the  wave of darkening i f  they were t o  consist  of t h e  same ma
t e r i a l  as t h e  dark areas. 

Attempts t o  a t t r i b u t e  t h e  amazing phenomena observed on t h e  surface of /x)3
Mars t o  a biosphere, volcanoes, o r  c e r t a i n  Wind roses  are l a r g e l y  based on t e r 
res t r ia l  analogies. Nevertheless, it i s  not excluded t h a t  t h e  dark areas  actu
a l l y  harbor some processes t h a t  are spec i f i c  t o  Mars alone. 

A.I.Lebedinskiy (Ref .155) and V.D.Davydov ( R e f  .195a) assumed t h a t  extensive 
w a t e r  reserves may be stored underneath the  apparent surface of Mars. V.D. 
Davydov proposed a hypothesis according t o  which p a r t  of t h e  Martian surface i s  
covered by an ocean with an extremely thick (1- 1.5 km) i c e  cover, concealed 
by t h e  weathering products of t h e  continents. The photographs transmitted by 
Mariner I V  show a l a rge  number of i r r e g d a r  t e r r a i n  features,  including ring-
shaped mountains; t h i s  renders V.D.Davydovts hypothesis on a Martian ocean com
p l e t e l y  invalid.  However, it might be t h a t  l a rge  amounts of Ha0 exist as perma
f r o s t  below the  Martian surface. It i s  probable t h a t  a thick stratum of perma
f r o s t  would retard t h e  emergence of H 2 0  from t h e  bowels of f irs  t o  t h e  surface, 
which might thus account f o r  t h e  low concentration of H 2 0  i n  t h e  atmosphere. 

Radar soundings of Mars carr ied out by t h e  United States  (Ref.196) and the  
USSR (Ref.197) yielded a r e f l e c t i o n  f ac to r  k = 0.02 - 0.1 ( r a t i o  of s igna l  power 
measured t o  signal power obtained i f  t h e  signal were t o  bounce o f f  an i d e a l l y  
smooth conducting sphere of t h e  same diameter). According t o  Goldstein (Ref .196),
t h e  seas exhibi t  a l a r g e r  r e f l e c t i o n  coeff ic ient  than t h e  continents. S t a t i s 
t i c a l  analysis  of radar observations shows t h a t  t h e  surface of Mars, on deci
meter waves, i s  smoother than t h a t  of t h e  moon. 

Section 2.11 Phobos and Deimos 

The Martian s a t e l l i t e s  Phobos and Deimos were discovered by Asaph H a l l  dur
i n g  t h e  1877 opposition. These move along near-circular o r b i t s  c lose t o  t h e  
equator ia l  plane of Mars. The dis tance (center-to-center) between Phobos and 
Mars i s  9400 km and i t s  synodic period i s h ? $ O " ;  f o r  Deimos the  dis tance t o  Mars 
i s  23,500 km and t h e  synodic period i s  30 21 Phobos i s  t h e  only known satel
l i t e  t o  revolve about a planet more rapidly than t h e  l a t t e r  r o t a t e s  about i t s  
own axis. Once every Th.5 Phobos r i s e s  i n  the  West of t h e  Martian sky and sets 
i n  t h e  East. A t  first, H a l l  believed t h a t  he w a s  seeing not one but  several  in
ternal satell i tes.  Phobos i s  so close t o  Mars t h a t  i t s  angular diameter v i s i b l e  
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a t  i t s  zenith from t h e  surface of Mars i s  1.5 times as la rge  as at the  horizon. 

.6 .8 ( a t  an average /201Phobos i s  a body of +llmand Deimos, a body of +* 
opposition) (Ref.66). The color index B - V f o r  both s a t e l l i t e s  i s  Om .6, Le . ,  
wi thin t h e  limits of e r ro r  it coincides with t h e  so l a r  index. Hence, unlike 
most other s a t e l l i t e s ,  these r e f l e c t  solar l i g h t  neutral ly .  The dimensions of 
Phobos and Deimos can be estimated only according t o  t h e i r  brightness.  For ex
ample, Phobos i s  12mweaker than Mars, which means t h a t  - a t  such an albedo -
i t s  radius must be 250 times smaller than t h e  Martian radius, i.e., be equal t o  

34m = I.!+km. The radius  of Deimos, calculated by t h e  same method, is  11km. 
250 

1.S.Shklovskiy (Ref-198) drew a t t en t ion  t o  Sharpless' discovery of t h e  phe
nomenon of secular  accelerat ion o f t h e  motion o f  Phobos. He considered variocs 
e f fec ts  t h a t  might account f o r  t h i s  accelerat ion and found t h a t  t h e  only possible 
cause would be a re ta rda t ion  i n  t h e  exosphere (similar t o  t h e  accelerat ion o f  
a r t i f i c i a l  ear th  s a t e l l i t e s ) .  However, for  t h i s  t he  mean densi ty  of Phobos would 
have t o  be 0.001 . This i s  possible only i f  t h i s  a r t i a n  s a t e l l i t e  i s  
hollow, i .e. ,  if it i s  an a r t i f i c i a l  body. Shklovskiyrs hypothesis was  met ~ t h 
derision, although there  i s  no reason t o  doubt t h a t  t he  creat ion of a r t i f i c i a l  
heavenly bodies of such dimensions i s  bas i ca l ly  feas ib le .  V.P.Vinogradova and 
V.V.Radziyevskiy (Ref .199) demonstrated t h a t  t h e  observed accelerat ion could be 
a l so  a t t r i bu ted  t o  bremsstrahlung,provided t h a t  t h e  shape of Phobos i s  not 
spherical .  A non-spherical shape should lead t o  f luc tua t ions  i n  brightness,  
which makes i t  mandatory t o  check whether t h e  s t e l l a r  magnitudes of both Phobos 
and Deimos do remain constant. Considering present conditions on krs, it i s  
doubtful whether i n t e l l i g e n t  l i f e  e A s t s  on the  planet,  but t h e  poss ib i l i t y  of 
i t s  e a s t e n c e  i n  the  past  cannot be precluded- From t h i s  Viewpoint, it i s  im
portant t o  estimatesthe age of t he  k r t i a n  cra te rs .  Should old c ra t e r s  of an 
age of (1- 2) X 10 years be discovered on Mars, this would mean t h a t  t h e  Mw
t i a n  atmosphere had been ra ref ied  in t he  d i s t a n t  past  and t h a t  t he re  had never 
existed any l a rge  amounts of HzO on Ems. Otherwise, t h i s  might leave the  pos
s i b i l i t y  t ha t ,  i n  t he  past ,  Mars had a developed biosphere and a c iv i l i za t ion  of 
high technological leve l .  We consider it not unl ikely tha t  t h e  s a t e l l i t e s  -of 
Mxrs might represent r e l i c s  of such a c iv i l iza t ion .  



CHAPTER III /x)5 

VENUS 

Section 3.1 Introduction 

Figure 91 presents photographs of Venus i n  various phases. Since i t s  o r b i t .  
l i e s  within earth 's  o r b i t ,  t h e  phase angle u) var i e s  f r o m  0 (superior) t o  180° 
( i n f e r i o r  conjunction). Between quadrature (v = 90') and i n f e r i o r  conjunction, 
Venus appears as a s ickle .  With approach t o  a conjunction, t he  crescent becomes 
more narrow and i t s  horns or cusps elongate (phenomenon of elongation of horns); 
a t  cp M 180°, t h e  crescent changes t o  an annulus. The elongation of horns and 
formation of an annulus a t  i n f e r i o r  conjunction can be explained only by t h e  
presence of a n  atmosphere ( twil ight  i l lumination).  When Venus l i e s  exactly on 
t h e  earth-sun l i n e  a t  i n f e r i o r  conjunction, it will pass i n  t r a n s i t  across t h e  
so l a r  disk, but t h i s  occurs quite rarely.  A t  t h e  moment of contact between Venus 
and the  so l a r  disk, t h e  l a t t e r  extends, as it w e r e ,  i n  t h e  d i r ec t ion  of t h e  
planet owing t o  r e f r ac t ion  i n  t h e  atmosphere of t h e  planet. T h i s  e f f ec t  w a s  
first observed - and co r rec t ly  interpreted as a proof f o r  t h e  existence of an 
atmosphere on Venus - by M.V.Lomonosov i n  1761. It became known as the &omonosov 
effect .  Elongation of t h e  horns w a s  discovered t h i r t y  years l a te r  (Schroter,
1790). The i n t e r v a l  between two successive i n f e r i o r  or superior conjunctions 
(the synodic period of rotat ion)  of Venus i s  584 days. The t r u e  (s idereal)  
period of ro t a t ion  i s  2 a . 7  days. 

I n  v i sua l  observation, it i s  d i f f i c u l t  t o  discern any surface features  on 
Venus. Their contrast  i s  extremely l o w  and, moreover, t h e  observations a r e  im
peded by t h e  considerable gradient of brightness between limb and terminator. 
Dolkfus (Ref. 22) distinguished between markings of two types: 1)regions some
what darker than t h e  background, which apparently are r e a l  and 2) shadows along 
the limb, which probably a r e  due t o  physiological cha rac t e r i s t i c s  of t h e  eye. 
Occasionally, one or several  low-contrast features  a r e  seen but markings a r e  usu
a l l y  absent. Figure 91 gives composite photographs of Venus, prepared by C a m i 
chel from p l a t e s  obtained with t h e  38-cm r e f l e c t o r  a t  Pic du Midi. These photo
graphs show a strong contrast .  Presumably, t h e  observed features  a r e  clouds, 
although Dollfus points out t h a t  a comparison of drawings made on successive && 
days shows t h a t  t h e  posi t ions of t h e  f ea tu res  coincide more of ten than could be 
expected of a random d i s t r ibu t ion .  It i s  in t r igu ing  t h a t  these d i f f i s e  dark 
shadings , a l t e r n a t e l y  disappearing and reappearing, remain i n  a roughly constant 
posit ion with respect t o  t h e  terminator. 

The extremely poor v i s i b i l i t y  of markzngs on t h e  disk of Venus suggests 
t h a t  t h e  atmosphere of t h e  planet has a considerable o p t i c a l  thickness. The in
s t a b i l i t y  of t h e  markings ind ica t e s  subs t an t i a l  dust  pol lut ion of t h e  atmosphere. 
This i s  a l so  apparent from t h e  yellowish color of t h e  planet (cf. Sect.3.2); i f  
Rayleigh (gas) s ca t t e r ing  would predominate, Venus would have t o  be blue. The 
cloud-bound nature of t h e  planet makes it v i r t u a l l y  inaccessible t o  o p t i c a l  ob
servations. 



Fig.91 Composite Photographs of Venus i n  Y e l l o w  Light. 
a - O~t.3~1943,k = O.l89 (illuminated pa r t  of t h e  d i sk ) ;  
b - O~t .9~1943 ,k = 0.2'42; c - N0~.6,1943, k = Oo&6;  
d - Sept.17,1942, k = 0.963; e - July 26,1942, k = 0.866; 

f - N0v.22~1943, k = 0.534 (Ref.22). 

Photographs of Venus i n  u l t r a v i o l e t  l i g h t  (1, M 3500 i)d i s t i n c t l y  show 
systems of br ight  patches and roughly p a r a l l e l  bands (Fig.92) These markings 

/M7 
probably a r e  due t o  s c a t t e r i n g  i n  higher and more tenuous clouds. They a r e  much 
more s t a b l e  than the  v i s u a l l y  observed markings. 

Measurements of t h e  diameter of Venus na tu ra l ly  refer t o  t h e  top  of t h e  
cloud l aye r  r a the r  than t o  t h e  so l id  body of t h e  planet. To exclude t h e  dis
t o r t i n g  e f f ec t  of phase, t h e  diameter i s  usual ly  measured a t  phase angles close 
t o  0' and 180'. I n  t h e  former case, the accuracy i s  less since the  distance t o  
t h e  planet i s  maximi, t h e  i r r a d i a t i o n  e f f ec t  (apparent displacement of t h e  boun
dary of t h e  br ight  f i e l d  i n  d i r ec t ion  of t h e  dark background) i s  considerable, 
and the  phase remains appreciable. In  t h e  l a t t e r  case, t h e  diameter of t h e  annu
l u s  i s  measured or,  during t r a n s i t  across t h e  so l a r  disk, t h e  diameter of t h e  
dark planet against  t h e  background of t he  photosphere i s  measured; i n  t h i s  case, 
a d i f f e ren t  type of interference occurs: f o r  example, during t rans i t  across t h e  
disk t h e  diameter decreases owing t o  r e f r ac t ion  i n  the  atmosphere of Venus 
(Lomonosov e f f ec t ) .  De Vaucouleurs (Ref .78), i n  analyzing measurements made 
with various methods, found t h a t  t h e  radius of Venus i s  
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Measurements at inferior conjunction usually give a larger diameter. For ex

ample Smith (Ref.202) obtained 


- _5 3km (3 2)11Q -.= G I A I  

Observations of the occultation of a star by Venus a l so  can be used for determin
ing the diameter. D.Ya.Martynov (Ref.201) in observing the occultation of Regu
lus derived a value which, in satisfactory agreement with eq.(3.1), is 

J u n e  23a J u n e  2 3 6  June  ? ? c  June  23d J u n e  23e 

Fig.92 Photographs of Venus in Ultraviolet Iiight
(Ref. 200). 
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The considerable difference between eq.(3.2) on t h e  one hand and eqs.(3.1), (3.3) 
on t h e  other can be a t t r i b u t e d  t o  r e a l  propert ies  of t h e  cloud l aye r  of Venus. 
If t h e  cloud layer lacks a sharp boundary (as a l s o  indicated by other data),  t he  
forward-extended s c a t t e r i n g  i n d i c a t r i x  may lead t o  a marked displacement of t h e  
apparent top of t h e  cloud on t r a n s i t i o n  from cp = 0' t o  cp = 1N' 

Determination of t h e  mass of a planet without s a t e l l i t e s  i s  a r a the r  d i f 
f i c u l t  problem. This i s  usual ly  based on s tud ie s  of t h e  per turbat ion exerted on 
t h e  motion of other  planets.  The mass of Venus w a s  determined more accurately 
by measuring t h e  t r a j e c t o r y  of t h e  American spacecraft  !Mariner 11" which i n  
December 1962 flew past  a t  a dis tance of 32,000 km f r o m t h e  planet 's  surface. 
According t o  Brouwer and Clemence (Ref.77), t h e  mass of Venus i s  /x)g 

An invest igat ion of t h e  t r a j e c t o r y  of Mariner I1 (Ref.203) ind ica t e s  t h e  mass t o  
be 

M Q  = (0.8i485& 0.00015)MG. 
(3*5) 

Taking t h e  a l t i t u d e  of t h e  apparent cloud top  as z1 = 60 km (see below), eqs.(3.1) 
and (3.5) will y ie ld  t h e  mean densi ty  

p Q -- 5.25ym. (3.6) 

and the  accelerat ion due t o  gravi ty  a t  t h e  subjacent surface 

gQ = 880 cm.sec-'. (3.7) 

Thus, Venus i s  very close t o  Earth i n  diameter, mass, and mean density. For a 
long time it  had been assumed t h a t  t h i s  analogy a l s o  extends t o  other character
i s t i c s .  Recently, however, t h i s  w a s  found not t o  be so. The cloud l aye r  great
l y  complicates s tud ie s  of t h e  physical cha rac t e r i s t i c s  of t h e  atmosphere and 
surface of Venus. Hence our knowledge of Venus i s  even more schematic than t h a t  
of &rs. However, t he  use of radio astronomy methods (including radar sounding) 
and of methods of infrared engineering has yielded a number of more credible  
data on t h e  propert ies  of t h e  atmosphere and surface of Venus. 

Section 3.2 	 Determination of t h e  Rotation Period and 0th-er Results o f  bdar 
Sounding of Venus 

The absence of s u f f i c i e n t l y  d i s t i n c t  f ea tu re s  on t h e  planetary disk pre
vents a r e l i a b l e  estimation of t h e  period and d i r ec t ion  of r o t a t i o n  from a dis
placement of such markings. Dollfus (Ref.22), assuming t h a t  t h e  perceptible dark 
shadings with t h e i r  occasional low contrast  pe r t a in  t o  t h e  surface, found t h a t  
t h e  ro t a t ion  i s  d i r e c t  and t h e  period of r o t a t i o n  of Venus equals i t s  period of 
revolution about t h e  sun ( %ynchronous ro t a t ion  11) ,i.e., t h e  planet keeps t h e  
same face turned permanently toward t h e  sun. Schiaparel l i  and Antoniadi a l s o  
assumed t h a t  Venus r o t a t e s  synchronously. The b a s i s  f o r  t h i s  conclusion was t h a t  
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t h e  dark shadings tend t o  occupy roughly the  same posi t ion with respect  t o  t h e  
terminator. However, as Dollfus himself mentioned, these  dark markings may 
represent clouds connected with t h e  topography of t h e  terminator. 

Ross (Ref. ZOO) , from t h e  displacement of individual  markings on photo
graphs i n  u l t r av io l e t  l i gh t ,  estimated t h e  period of ro t a t ion  as being 10 - 30 

/210 
days. Kuiper (Ref.P&), assuming t h a t  t h e  bands on these  photographs a r e  paral

l e l  t o  t h e  equator, found t h e  inc l ina t ion  of 
t h e  plane of t h e  equator t o  theoplane of t h e  . 

I U  I , , 	
e c l i p t i c  t o  be approximately 40 A new es
t imate  o f t h e  ro t a t ion  period w a s  derived 
from photographs i n  u l t r av io l e t  l i g h t  by

-08 Boyers and Camichel (Ref.205): they found a 
period of four days. 

-06 Attempts t o  u t i l i z e  t h e  Doppler e f f ec t  
t o  determine t h e  ro t a t ion  period of Venus have 

-Q4 been made repeatedly, but only a lower limit 
could be established : A.A .Belopoltskiy ob

a2 -	 tained T * 2 weeks (Ref .ZO6). Richardson 
(Ref.ZO7) arr ived a t  roughly t h e  same value: 
T > I4 days i f  t h e  ro t a t ion  i s  d i r e c t  and 
T > 5 days i f  t h e  ro t a t ion  i s  retrograde. 
Slipher (Ref.208) found T * 30 days. 

Fig.93 Spectrum of Radar I n  1956, t h e  Enco ln  Laboratory of t h e  
Pulse Bounced Off-Venus. Massachusetts I n s t i t u t e  of Technology carr ied 

Ordinate: re f lec ted  power i n  out t h e  first radar sounding of Venus (Ref.209). 
r e l a t i v e  units (Ref. UO). I n  subsequent years t he  experiment was re

peated by both t h i s  organization and by many 
others: Jod re l l  Bank Observatory i n  Great 

Bri ta in ,  I n s t i t u t e  of Radio Engineering and Electronics of t he  Academy of Sciences 
USSR, Laboratory of Reactive Motion of t h e  California I n s t i t u t e  of Technology, 
and Radar Observatories i n  Arecibo ( h e r t o  Rico) and Jicamarca (Peru). 

Results from radar soundings of Venus i n  t h e  wavelength range of 3.6 t o  
780 cm have recent ly  been published (Table 45) .  Originally, t he  purpose of t h i s  
radar sounding was a more precise  determination of t h e  astronomical unit, but /21l
beginning with 1961 t h e  emphasis i n  s tud ies  was  sh i f ted  t o  determination of t h e  
physical charac te r i s t ics  of t h e  planet i t s e l f  and primarily of i t s  ro t a t ion  
period. 

The frequency of a monochromatic pulse, bounced of f  t h e  surface of Venus, 
w i l l  b l u r  due t o  ro t a t ion  of t h e  planet (Fig.93) owing t o  t h e  Doppler effect .  
The period of ro t a t ion  can be estimated f r o m t h e  frequency bandwidth of t h e  re
f lec ted  pulse. The peak with zero frequency shift i n  Fig.94 i s  produced by 
specular r e f l ec t ion  f r o m t h e  cen t r a l  port ion of t h e  planetary disk. With in
creasing dis tance f romthe  center, t h e  power of t h e  re f lec ted  signal wi l l  de
crease more or l e s s  rap id ly  depending on t h e  degree of roughness of t he  planet. 
This complicates t he  estimation of t h e  t o t a l  frequency bandwidth, pa r t i cu la r ly  
f o r  law signal-to-noise r a t io s .  Therefore, first attempts t o  determine t h e  ro
t a t i o n a l  ve loc i ty  according t o  t h e  frequency bandwidth of t h e  bounced pulse l ed  
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TABLE 45 

RESULTS OF RADAR STUDIFS OF VENUS 

- .-
b t s t i o n  Mean 

n c l i n a l  I 

Year  k. P e r i o d ,  D i r e c t i o n  

R e f l e c t i o n  
o f  E q u a t o ~  CO e f  f i  c i  en 

of 
t e f l e c t i  

) b e e r ,  
t o  r )  

Ref. 
S o u r c t  

Days  a t o  E c l i p t i  i e c t o r  a 
Surfsc --

7 

19% 6 
i958 7 
1958 6 

---
--
-

1 
0.02 
0,052 

11 
J B  
A I  

(209)
(226)
(227) 

19G1 G 225+27:
-11i D i r e c t  0.11 AI (21 1 R o t a t i o n  w a s  

i n v e s t i p a t e d
accord in^ t o  
spec t rum

wid th  
19G1 3 9 n 0.1 I RE (212 U 

19GI 12 200-40G R 0.10-0.1 C (21G P 

19G2 7 225 R JL3 (216 D-19G2 4 200-300 R e t r o g r a d e  0.12--0.1~ I R E  (210 3 

19G2 12 250 D 0.0975 4"-7' C (214 b t a t i o n  was 
.19G2 12 253 R C (215 le t  ermi ned  

i c c o r d i n g  t o  
l i sp1  acement 
f t h e  s p r c t r a l  
omponent and 
Nccording t o  
p e c t r a l  w id th ,  
i t h  d i  a c r i m i n a t i o n  
y d i a t a n c e  

39G2 3 - - . 009~0 .0 (  1\I :217 	 S n o o t h n e s a  
' a c t o r  q = 0 

I962 6( 230k50 - 0.2 3 !2ZS 	 in00 t h n e s s  
i a r k e d l y  
, r e s t e r  t han  
Or t h e  moon 

1962 7E - - 0.2 C '2191 
t9G4 12. %9 *7 R e t r o g r a d e  J . ii5&0. C 219: 	 lew components

l i s c o v e r e d  i n  
h e  spec t rum 

1964. 70 !47*5 * - C 219: 
I 

19G4 43 130k25 D 0.19 IRE (2200 
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t o  contradictory r e su l t s :  During t h e  i n f e r i o r  conjunction of 1961 t h e  Lincoln 
Laboratory ( R e f . Z )  derived d i r e c t  ro t a t ion  with a eriod of approximately ,220 
days whereas t h e  I n s t i t u t e  of Radio Electronics (IREP obtained a period of 9 days 
(Ref.212). T h i s  discrepancy could not be a t t r i b u t e d  t o  t h e  difference i n  the  
wavelengths employed s ince t h e  American sounding w a s  made a t  X 68 em and t h a t  of 
t h e  Soviet Union a t  h 43 cm (Ref  .213). 

Fig.94 Components of Spectra of t h e  Bounced Pulse. 
The l e f t  spectrum w a s  obtained on MAY 19,1964 and the  

r i g h t  spectrum on July 8. 

During t h e  i n f e r i o r  conjunction of 1962 the  f ron t  of research became g rea t ly  
broadened. The s e n s i t i v i t y  of radar w a s  increased greatly,  and new f a c i l i t i e s  
were put i n t o  operation. The periods determined i n  1961 proved t o  be erroneous., 
The most r e l i a b l e  r e s u l t s  were obtained a t  t h e  California I n s t i t u t e  of Technology 
[Carpenter (Ref.214) and Goldstein (Ref .a5)1 for  X 12.5 cm. The t r ansmi t t e r  
power was only 13 kw. A parabolic antenna of 25 m diameter w a s  used. The study 
was  carried out v i r t u a l l y  i n  t h e  regime of continuous emission: The t ransmit ter  
radiated a monochromatic wave f o r  several  minutes, af 'ter which t h e  system was  
switched t o  reception. The spectrum of ref lected emission w a s  investigated with 
a high resolving power, which made it possible t o  study i t s  f i n e  s t ructure .  It 
was found t h a t  t h e  spectrum of t h e  r e f l ec t ed  signal contains a constant component 
whose spec t r a l  posi t ion changes gradually. The ra te  of displacement of t h i s  com
ponent can be used t o  estimate t h e  s i d e r e a l  period, which i s  found t o  be 1X)O 
days i f  the  r o t a t i o n  i s  d i r e c t  and 230 days i f  it i s  retrograde. The frequency 
bandwidth of t h e  r e f l ec t ed  signal does not f i t  t h e  first assumption but satis
f a c t o r i l y  f i ts  t h e  second. 

Apparently t h e  component i n  t h e  s p e c t w . o f t h e  r e f l ec t ed  pulse i s  due t o  
bouncing off some.feature of surface relief o r  o f f  a sec to r  with a higher reflec
t i o n  factor .  Since t h e  apparent r o t a t i o n  due t o  t h e  relative o r b i t a l  motion of 
Venus and Earth and the  axial r o t a t i o n  of Venus occur d i f f e r e n t l y  before and 
after i n f e r i o r  conjunction, t h e  d i r e c t i o n  of r o t a t i o n  can be assessed from t h e  
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change i n  the frequency bandwidth. This method has been used independently in 
t h e  experiment by t h e  California I n s t i t u t e  of Technology, a l s o  yielding a retro
grade rotat ion wi th  a period of -250 days. To enhance the  accuracy, use was  
made of discrimination by distance, which precluded the  peak i n  specular reflec
t ion .  On 1962, t he  Soviet IRE team (Ref.210) arrived a t  a retrograde ro t a t ion  
wi th  a period of X)O - 300 days, according t o  t h e  shape of t h e  frequency band. 
Goldstein (Ref.215) arid V.A.Koteltnikov e t  a l .  (Ref.2I-0) a l s o  found t h a t  t he  
plane of t he  Venus equator i s  roughly p a r a l l e l  t o  t h e  plane of t h e  ec l ip t i c .  Ac
cording t o  Carpenter and Goldstein, t h e  inc l ina t ion  of t h e  plane of t h e  equator 
t o  t h e  plane of t he  e c l i p t i c  i s  E = 17 f 15’. 

Experiments performed i n  1964 (Ref.119) a t  t h e  California I n s t i t u t e  of Tech
nology yielded an even more accurate value of t he  period of rotation: 249 f 7 
days. The inc l ina t ion  w a s  found t o  be 6’. Lastly, observationsowith t h e  300-m 
antenna i n  h e r t o  Rico gave a 7  * 9 days and an inc l ina t ion  of 4 . Retrograde 

ro t a t ion  a l s o  was  d e f i n i t e l y  confirmed. /215
The experiments of t h e  California team re-

N 	 vealed new components of t h e  spectrum of the  
ref lected pulse (Fig.94) and led t o  compaa
t i o n  of a chart  of regions with higher re
f l e c t i o n  coeff ic ients  (Fig.95). The si
de rea l  period of 24E3 days corresponds t o  a 
so l a r  day of 120 days. During a s ingle  revo
l u t i o n  of Venus about t h e  sun t h e  l a t t e r  

w E r i s e s  and s e t s  twice. 

In the  first experiment (Ref.209), t h e  
radar r e f l e c t i o n  coeff ic ient  a t  A 68 cm 
proved unexpectedly high: -1. Subsequently, 
however, t h i s  r e s u l t  was not confirmed. Dur
ing  t h e  experiments i n  1961, it was found 

s t h a t  k = 0.11 a t  A 68 cm (Ref.=), k = 0.1 
a t  h 38 cm (Ref.3-3) and k = 0.10 - 0.15 a t  

Fig.95 Chart of Regions wi th  h 12.5 cm (Ref.216). During the 1962 experi-
Higher Reflection Coefficient. ments, t h e  values obtained were k = 0.0975 

a t  A 12.5 cm (Ref.2L4.) and k = 0.12 - 0.18 
a t  A 38 cm (Ref.210). Apparently, within the  

decimeter wave range it can be assumed t h a t  everywhere 

k=0.12&0.03 (h=”1+68cm). 

The l o w  values of k obtained i n  1958 (Jcdrell Bank, k = 0.02; Lincoln Laboratory, 
k = 0.052; cf. Table 45) probably can be disregarded. D u r i n g  t h e  1962 i n f e r i o r  
conjunction, t he  radar r e f l ec t ion  coefficient of Venus was measured a t  centi
meter wavelengths [A 3.6 cm (Ref.2I-7)I and a t  meter wavelengths [A 6 m (Ref.28) 
and A 7.8 m (Ref.219)l and was found t o  be one order of magnitude lower a t  centi
meter wavelengths than within the  decimeter wavelength range: 

.k= 0.009f0.003 (A = ~ . G c z v ) ,  

while a t  meter wavelengths it w a s  somewhat higher: 
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06 than the  moon. 

k z 0 . 2  (A = 6-7.8m). 

a7iL[\: 05 


a4 
Q3 ..__ 
02 laa7 
0 1 1 1 - I 

mean-square inc l ina t ion  i s  CY = 4 - 7 O ,  i.e., 
i s  appreciably h i  her than f o r  the moon. 
W e m a n  (Ref.2207 made a s t a t i s t i c a l  anal
ys i s  of t he  radar observations and found 
CY = 2O.3 - 7 O . 4  a t  A 12.5 cm (%th theolower 
values predominating) and CY = 2 .3 - 2 .9 
a t  h 68 cm. A t  meter wavelengths, Venus i s  
smoother curve of t he  pulse bounced offthe  time Figure 96 gives 

Venus and off  the  moon a t  h 6 m (Ref.218): 
Venus showed a smaller pulse r i s e  time. For 
Venus, the  greater  portion of t he  power 
transmitted a t  h 6 m i s  ref lected from 1/40 



parently, t h e  hypothesis of a watery ocean i s  completely out of t h e  question. 
Kuz'min and Clark (Ref.223) found = 2.5 from observations of the  polar izat ion 
of t he  na tura l  radio emission of Venus. This value of 0 may f i t  t h e  hydrocarbon 
hypothesis, but other data  (high temperature) speak f o r  a de f in i t e  re jec t ion  of 
any "oceanic ' 1  hypotheses. 

During the  1962 i n f e r i o r  conjunction,an attempt w a s  made (Ref.224) t o  de
t e c t  Faraday ro t a t ion  i n  the  re f lec ted  signal ( ro ta t ion  of the  plane of polariza
t i o n  during passage across a plasma in a magnetic f i e l d ) .  Compared with t h e  
ear th 's  ionosphere, no excess ro t a t ion  was detected. The authors (Schuster and 
Levi) point t o  th ree  possible causes: 1)The i n t e n s i t y  of t h e  magnetic f i e l d  of 
Venus i s  markedly l aye r  than the  i n t e n s i t y  of t h e  earth 's  magnetic f i e l d ;  2) the  
electron density i s  lower than i n  the  earth 's  ionosphere; 3) the  or ien ta t ion  of 
the  magnetic axis i s  unfavorable. Apparentlythe first cause i s  the  most sig
n i f icant ,  since the  onboard magnetometer of Pkriner 11, during i t s  flyby of 
Venus, f a i l ed  t o  record any increase i n  the i n t e n s i t y  of t h e  magnetic f i e l d  com
pared wi th  t he  interplanetary in tens i ty .  These observations shaved t h a t  t he  mag
ne t ic  moment of Venus i s  a t  least 20 times lower than t h a t  of t h e  ear th  (Ref.225). 

Section 3.3 Albedo, Phase Curv~, Polar izat iog 

The visual spherical  albedo of Venus i s  close t o  0.7 - 0.8, but observa
t ions  by various authors show a f a i r l y  la rge  sca t te r .  Table 46 presents values 
of the geometric albedo p f o r  th ree  wavelengths, calculated by Harris (Ref.66) 
from the  r e su l t s  of v i sua l  photometry by Danjon (Ref.228) as wel l  a s  from h i s  
own colorimetric observations i n  the  system U, B, V. The visual phase in t eg ra l  
(cf. Sect.l.6) i s  Q = 1 . 3 6  according t o  Danjon (Ref.228), so tha t  t h e  visual 
spherical  albedo i s  A, = 0.76. 

TABLE 46 

GJ3OMETRIC ALBEDO OF VENUS (330METRIC AND SPHERICAL ALBEDO OF 
I N  THE U, B, V SYSTEM, AC- VE3JUS I N  THE U, B, V SYSTEM ACCORD-
CORDING TO HARRIS (REF.66) I N G  TO OBSERVATIONS AT UJWELL 

OBSEEVATORY [KNUCKL;ES, SINYON AND 
I I SINTON (REFe229)I 

U 0.810 0.649 0.53 
B 1.026. 0.763 
V 1 0.925 1 0.888 1 :::: 

Photoelectric photometry of Venus i n  the  system U, By V carr ied out a t  
Lowell Observatory [Knuckles, Sinton and Sinton (Ref.229)l l ed  t o  widely d i f f e r  
ing  findings (cf. Table 47) and, i n  par t icu lar  (Ref.229), t o  
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Av = 0.87. 

Figure 97 gives visual phase curves of Venus obtained by various authors, 
while Table 48 shows t h e  9sual s t e l l a r  magnitudes adjusted t o  unit dis tance (cf .  
Sect.l.6) fo r  cp,= 0 and 50 , together with t h e  values of t h e  phase integrals .  
The mean V(1;  0 ) = -4, 40. Hence, eq.(l . l l4) y ie lds  p = 0.65 and Av = 0.70, 
assuming Vo = -%".81 and applying the  estimate (3.1) of t h e  radius  of Venus. 

TABLE 48 

VISUAL MAGNITUDES T(1; O"), v(1, 50") AND PhYSE 
INTEGRAL Q ACCORDING TO VARIOUS INVESTIGATORS 

Author 

Miller ( R e f . 2 3 0 1 . .  . . . -4". 16 -3" .44 (1,194)
Miller ( R e f . 2 3 1 )  . . . . - - 1. o n  
King ( R e f . 2 3 2 )  . . . - -3.51) -
Danjon ( R e f . 2 2 8 )  . . . 1 -4.27 -3.71 1.296 
Knuckles, et  a l .  (Ref .  2 2 9 ) /

I 
-4.76 -3.69 0.888 

~ -. 

Me an -4.40 1 -3.58 1 1.087 
I 

~ . -.~ .__.--

A l l  colorimetric and spectrophotometric observations point  t o  a decrease i n  
r e f l e c t i v i t y  i n  the  blue and u l t r av io l e t  spectrum regions, but t he  quant i ta t ive  
findings diverge great ly .  For example, observations by N.A.Kozyrev (Ref. 233) 
show t h i s  decrease t o  be much sharper than observations by 1.N.Glushneva (Ref.234) 
and Spinrad (Ref. &9). In  all th ree  studies,  spectrographs of l o w  dispersion /21q 
were used. It might be t h a t  t he  albedo i n  the  v i o l e t  and u l t r a v i o l e t  spectrum 
regions undergoes marked f luc tua t ions  associated with the  formation, dissolut ion,  
and movement of ' U t r a v i o l e t  clouds". V.V.Avramchuk and I.K.Koval* (Ref. 234a) 
showed t h a t  t he  decrease i n  r e f l e c t i v i t y  in t he  u l t r a v i o l e t  spectrum region i s  
consis tent ly  lower near t he  terminator than i n  the  subsolar zone. Apparently, 
t h e  difference i n  phases and i n  or ien ta t ion  of t h e  slit on t h e  disk a l so  may par
t i a l l y  account f o r  t h e  difference i n  findings. 

Figure 98 gives t h e  wavelength dependence of t he  Venus-to-Sun in t ens i ty  
r a t i o ,  plot ted from data  on inf ra red  spectrophotometry performed near superior 
conjunction by the  author (Ref.235, 236) i n  t h e  region Ah 1-4 CL. Results on 
r e l a t i v e  spectrophotometry i n  the  region hh 0.7-1.0 CL a r e  presented elsewhere 
(Ref.123). The curve i n  Fig.98 i s  continued i n  d i rec t ion  of shorter  wavelengths 
according t o  t h e  observational f indings of other authors and so cal ibrated t h a t ,  
f o r  h = 5550 A, i t  would give the  geometric albedo p = 0.65. Thus t h i s  curve 
can be regarded as the  dependence of the  geometric albedo on t h e  wavelength. As
suming Q = 1.087 f o r  a l l  wavelengths, t he  i n t e g r a l  spherical  albedo [cf.  
eq.(l.U6)1 will be 
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Ai == 0.73. 

In the near infrared region, the albedo decreases owing to the presence of 
strong C 0 2  absorption bands. 

A semi-infinite atmosphere with pure
scattering has a spherical albedo of A = 1. 
The monochromatic albedo of Venus always is 
less than unity, which may be attributed /220
to two factors: 1) presence of true absorp
tion in the continuous spectrum; 2) finite 
optical thickness of the atmosphere. It is 
not excluded that both effects operate
simultaneously, but more probably either 
one predominates. In addition to COa bands, 
true absorption definitely predominates in 
the region h > 2.8 P, where the albedo of 
Venus drops to nearly 1% (in the neighbor 
hood of h 2.5 IL, p = 0.40 and the scattering
coefficient cannot change greatly at such a 
minor change in A). Apparently, true ab
sorption &so predominates in the region
A < 4500 A. It would be of interest to 
clarify whether true absorption occurs in 
the broad intermediate region of 0.45 < h < 
< 2.50 IL. 

V.V.Sobolev, Horak, Harris, N.P.Bara-

Fig.97 Phase Curves of Venus bashev and V.1 .Yezerskiy (Ref.237, 238, 239, 

according to m l e r  (a), 66, 2!+0)regarded the atmosphere as semi-

Danjon (b), Knuckles Sinton infinite and calculated the albedo a of a 


and Sinton (c unitary scattering process. 


V.V.Sobolev and other authors (Ref.&O, 
who used Sobolev's method) directly determined the scattering indicatrix from 
the observations. Horak presupposed isotropic scattering, while Harris assumed 
a Fhyleigh phase function. Table 48a presents the results of these calculations. 
The indicatrices given.elsewhere (Ref.237, 238, &O) are similar. One of these 
(Ref.238) is presented in Fig.99. From Table 48a it follows that the calculated 
albedo of the unitary scattering process decreases with a reduction in the elon

gation of the indicatrix, as was to be expected (cf. Sect.l.6). 


G.V.Rozenber,g's theory (cf. Sect.l.5) gives the following brightness coef

ficient for a semi-infinite atmosphere 


(1.104~) 


where /221 
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V.V.Sobolev (Ref .237)  * - 0*989 
V. V. %bo1 ev (Ref .  238) * W 0.987 

r 	 2 3 a,, N.P.Barabashev and 
V.1 .Yezersk iy  (Ref .240)  * 0.995 

Fig.98 Venus-to-Sun In t ens i ty  Ratio as H a r r i s  ( ~ ~ f . 6 6 ). . . . . i;(i+cos?) 0.975 
Function of Wavelength. Horak (Ref .239)  . . . . , 1 0.95 

_ -

S and h a r e  angle functions close t o  uni ty;  7 i s  a parameter dependent on t h e  in
d ica t r ix .  For not too high an angle t o  t h e  normal, we have S T  M 2 fo r  iso
t ropic  and Rayleigh sca t t e r ing  and a value of 5 f o r  very extended ind ica t r i ce s  

2nr
corresponding t o  -= X )  a t  m = 1.3 ( t e r r e s t r i a l  clouds). Putting p = p = 

h 

= 0.65 and h = 1, we have B = 0.045, a = 0.95 for i so t ropic  and Rayleigh sca t te r 
ing and B = 0.008, a = 0.99 f o r  a very extended 
indica t r ix .  

V.V.Sobolev's method u t i l i z e s  only t h e  first&=--two terms i n  t h e  expansion of t h e  i n d i c a t r i x  i n  
Legendre polynomials. Checking t h i s  method against  
t e r r e s t r i a l  aerosols  shows t h a t  t h e  ind ica t r i ce s  
calculated i n  t h i s  manner may d i f f e r  g rea t ly  from 
r e a l  ind ica t r ices .  The ind ica t r ix  shown i n  Fig.99 

Fig.99 Scat ter ing Indi- i s  much l e s s  extended than the sca t t e r ing  indi
c a t r i x  i n  the  Atmosphere ca t r i ce s  i n  t e r r e s t r i a l  clouds [cf.  (Ref .61)1a The 

I 
of Venus (Ref. 238) 	 asymmetry of t h e  ind ica t r ix  i s  characterized by 

t h e  quant i ty  H I  of t h e  second term i n  i t s  expansion 
i n  Legendre polynomials. According t o  Sobolev 

2rrr(Ref.238), ?t1 = 1.43, and the  t a b l e s  by Clark e t  al .  ( R e f e u )  gave -h m 2 i f  

t h e  r e f r ac t ive  index i s  m = 1.3. There i s  reason t o  believe (see below) tha t ,  

actual ly ,  t h e  parameter 2nr i s  higher and comes close t o  10 - 23, %.e., to
h 

values typ ica l  of t e r r e s t r i a l  clouds. 

Now l e t  us consider another poss ib i l i t y :  Scat ter ing in t h e  v i s i b l e  and (222 
near in f ra red  regions of t h e  spectrum i s  conservative and the  albedo of t h e  
planet i s  always l e s s  than uni ty  owing t o  t h e  f i n i t e  op t ica l  thickness  of t he  a t 
mosphere. Then, from eq.(1,102) it i s  possible  t o  estimate t h e  t o t a l  op t i ca l  
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thickness 70: 

where 1 var ies  f roml .3  f o r  i so t rop ic  and Rayleigh sca t t e r ing  t o  6 f o r  sca t te r 
2”

i n g  i n  clouds with -h = x). Putting p = p = 0.65, h = g = 1, and A s  = 0, we 
have 

1 
7 -r_ 

O - 0.33 ’ (3.8) 
whence 

4 <To <20. (3.9) 

Fig.100 Visual Polar izat ion Curve of Venus according 
t o  Lyot (Ref 2,!+,2). 

The broken l i n e  represents t h e  laboratory curve f o r  water 
droplets  of 2.5 CL diameter. 

The underlying surface reduces t h i s  estimate, but i f  i t s  albedo i s  low (A, < 0.2) 
then the  e f f ec t  of t h e  subjacent surface can be  neglected i n  the  adopted approx
imation. If the  hypothesis considered i s  t rue,  then the  dependence p(h) i n  t h e

/223region 0.45 - 2.5 P i s  a t t r i b u t a b l e  t o  t h e  wavelength dependence of the  mean 
sca t te r ing  coeff ic ient  and 70. The ma~mvalue of p(h) i s  reached a t  h = 1v.. 
The r\ravelecgth dependence of t h e  sca t te r ing  coef f ic ien t  i s  described by a curve 
of the kind shown i n  Fig.32. It may be assumed t h a t  t he  peak of the  curve 

-= 6) corresponds t o  t h e  m a x i ”  p(A). Then, r M 1 I.L and i n  the  v i s i b l e  



2nrregion -
A 

= 1 2  and 70 *; 15 - 20. 

Figures 100 - 102 give t h e  polar izat ion curves of Venus p lo t ted  by vqrious
1authors [Lyot (Ref. a 2 )  ,Kuiper (Ref. 2!+3), Gehrels and Samuelson (Ref. 2&) 

Lyotfs curve w a s  obtained from v i sua l  observations and Kuiperts, from observa
t ions  i n  the  infrazed region. Gehrels and Samuelson worked with a s e t  of f i l t e r s  
from 3250 t o  9900 A. Lyot established t h a t  a mist of water drople t s  of 1p radi
us each would give a visual polar iza t ion  curve g rea t ly  resembling t h e  Venusian. 
Conversely, Kuiper (Ref.2!+3) found tha t ,  i n  t h e  infrared region, no such resem
blance e x h t s .  A possible  reason f o r  this discrepancy might be t h a t  t h e  droplets  
o r  c r y s t a l l i t e s  cons t i tu t ing  t h e  Venusian clouds, in t h i s  port ion of t h e  spec
trum, have an absorption coef f ic ien t  d i f fe ren t  from H20. 

7dU 750 7G0 770 ~ 780" 

Fig.101 Polar izat ion Curve of Venus f o r  h - 2 p (Circles) 
and Theoretical  Polar izat ion Curves for Water.Droplets 

of Various Diameters (Ref. 263). 

It is  d i f f i c u l t  t o  make a choice between the  two above hypotheses on the  
bas i s  of photometric data  alone. The r e l a t ive  i n t e n s i t i e s  of weak C02 l i n e s  
(cf. Sect.3.4) ind ica te  conservative sca t te r ing  i n  the  near in f ra red  region. 
Lastly, t h e  presence of conservative sca t te r ing  in t h e  v i s i b l e  and near in f ra red  
regions i s  implied by t h e  greenhouse model of t h e  atmosphere, without which it /22Lc 
appears impossible a t  present t o  account f o r  t h e  high brightness radio tempera
tures.  Note t h a t  t h e  albedo of t h e  uni tary sca t t e r ing  process, a = 0.99 f o r  T = 
= 20 and 2 n r h  -10 - 20 i n  i t s e l f  reduces the  flux of so l a r  r a d i a t i o n t r a n s 
mitted by t h e  atmosphere by a f ac to r  of several  units. The greenhouse model 
s t i pu la t e s  a S T h i s  requirement i s  more than s a t i s f i e d  i n  t e r r e s t r i a l  
clouds: i n  the  v i s i b l e  region of the  spectrum, these  clouds have an albedo of 
a ss IO-?, 

These considerations can be summed up as follows: Most probably, s c a t t e r  
i ng  i n  t h e  atmosphere i s  conservative i n  the i n t e r v a l h h  0.45-2.5 CL and i s  due 
t o  transparent p a r t i c l e s  with a mean radius r M 1p a t  m = 1.3. If m markedly 
d i f f e r s  from 1.3, t h e  radius  mag be d i f fe ren t ,  but t h e  i n d i c a t r i x  and wave de
pendence of t he  sca t te r ing  coeff ic ient  will be t h e  same a s  fo r  2nr/h = 10 - 20 
( fo r  h 0.55 p) and m =  1.3. 
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I I - 1  I I I I I I I I I I 1 1 - N.P.Barabashev (Ref.6) dis-
P % - I  covered t h a t  m a x i "  brightness-+4 i s  displayed by those sectors  of 

0-
0 .  t h e  planet f o r  which t h e  angles of 

0'+z incidence and r e f l ec t ion  a r e  mu-
a 

0-c. t u a l l y  equal and l i e  on d i f fe ren t  
0 

-
0 .% .- - 1 s ides  of the  normal. Similar re

$ 0 suits were obtained by V.I.Yezer
-
-

' '0' ' 'X ' X Kx x,x, skiy (Ref .2!+5). Originally, this 
- "0 	0 

x $  X I  e f fec t  was  ascribed t o  t h e  inf lu
000, 

0 0  8 0 0  ence of t he  underlying surface-4	- - 0  
08 which thus should exhibit  cer ta in- co 
 specular properties.  These ob

- 6 - 1 :  I I 1 1 u - 1 I I 1 I servations were even interpreted 

Fig.103 Spectrum of t h e  Sun (a) and Venus (b) and (c) 
i n  the  Infrared Region according t o  Dunham (Ref . I l l )  

(c - Spectrum recorded with broadening.) 

Seckon 3.4 Carbon Dioxide Absorption Bands 

a) Ident i f ica t ion  of 0 2  bands and t h e i r  r e l a t i v e  in tens i ty .  h 1932, 
Dunham and Adams (Ref.U-1) photographed the  spectrum of Venus i n  the region of 
near h 8000 1, with the  object of searching f o r  HzO lines. They found no H20 
l i n e s  but, on t h e  other hand, discovered two unknown absorption bands near h 7 8 s  
and h 7883 with c l ea r ly  discernible  heads and a regular s t ruc ture  charac te r i s t ic  
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TABLE 49 

ABSORPTION BANDS DISCOVERED IN THE SPECTRUM OF VENUS 
(REF0159 38, 233, 235, 236, 

- 
meas,P T, A i e n t i  f i c a t i o n- 

(0,4120) 
(0.4372) 

0.7138 0.7158 
0.7820 1 0.7520 
0.7883 0.7883 
0.8689 1.6 0.8689 
0.8736 0.8736 
1.0362 1,0362 
1.04G2 3.5 1.0462 
1.0627 1.0327 
1.139 1.138 

1.256 42 1.206 

1.220 30 1.221 

1.229 12 1,229 

1.335 10 1.236 

1.253 3 1.253 

1.263 6.; 1.233 

1.293 16 1.293 

1.314 27 1.317 

1.335 15 1.340 

1.38 
1.433 12! i .434 

1.47 34 I.475 

1.493 11 1.497 
-(1.520) 5 

1.529 13 1.530 

1,538 34 1.538 \I.5i9 0.' 
(1.556) 0. -1.562) 0 .  

1.576 122 1,575-(1.588) 2 
1.GO7 154 2 .GO6 

1.630 14 1.634 

1.G45 72 1.646 

1.GG3 3 1.661 

1.681 0, 1.680 

%9) 

Remarks 

Ibserved  by N.A.Kozyrev 
:Ref. 2.23) : not 
:onfirmed by other 
obse rve r s  (Ref. 249) 

(236)  

(236)  
(236)  
( 248) 
(236)  
( 236) 
(236)  
(236)  

) i s cove red  by S t rong  
:t a l .  owing to 
) b s e r v a t i o n s  from a 
)a1 1oon (274)  

1 accord ing  to (Ref.15) 
I accord ing  to (Ref.15) 

(236)  
(236)  
(236)  

I accord ing  t o  (Ref. 15) 
>) 

)> 

>> 

(236)  
W accord ing  to (Ref.15) 

(236)  
(236)  
(236)  
( 236) 

W accord ing  to  (Ref.15) 
(236)
(236)  
(236)  

W acco rd ing  to (Ref.15) 
(236)  

W acco rd ing  to (Ref. 15) 
(23fi) 

W accord ing  to (Ref. 15) 

(236) 
(236)  
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T B L E  49 (conttd) /227-
I I 

meas, w. A- Remarks 

- -1.701 3' (236)  
1.9GO 300 C'lOko 20°1-OOO0 1.961 (236)  

1.987 7 3 2 0 i o  0'"0401-0000 1.983 (236)  

2.007 300 c'zo;o 1201-0000 2.039 (236)  

2.036 10 PO16018 20°1-OOo0 2.039 (236)  

2.047 20 C l 8 0 p  12°1-OOo0 2.046 (236)  

2.OGO 300 C'aOp 0401-0300 2.061 ( 2 3 6 )  

2.082 30 C"0p 04"1-0003 2.080 (236)  

2.095 30 C1*0i6 UG21--0220 2.097 ( 2 3 6 )  

2,110 40 W O ?  04°1--0000 2.1.06 ( 2 3 6 )  

2.125 20 C'aO'! 0501-0100 2,124 ( 236 1 
2.133 2 C130i006°1-0203 2.134 (236)  

2.142 12 c11op 0002 2.140 ( 2 3 6 )  

2.123 70 C1201W 0002-0000- 2.156- ( 2 3 6 )  
(2.173)
(2.223)
2.35 
11.2 

10 
4 
20-

-
GO 2-0 

-
2.35 

( 2 3 6 )  
( 2 3 6 )  
(236)  
( 25) 

*Numerals i n  p a r e n t h e s e s  r e f e r  to Ref.  

Note: The wavelengths i n  the  region A 1.1 P a r e  given f o r  band 
edges and i n  the  region h > 1.1 P, f o r  zero frequencies. The p a r  
entheses per ta in  t o  bands whose presence requires  f'urther ve r i f i 
cation. 

of R-and P-branches. A t  t h a t  time it was  not possible t o  ident i fy  these  bands 
by d i r ec t  comparison with known bands, aving t o  t h e  inadequate l e v e l  of labora
t o r y  research. However, when the ro t a t iona l  constant was determined from t h e  
i n t e r l i n e  distance, it was found tha t  it was  very close t o  thg ro t a t iona l  con
s t an t  of Cos. Soon a th i rd  COZ band was discovered a t  h 8689 A, followed by the  
discovery of t he  group of bands near h 1.05 P o  In 1947 when Kuiper (Ref.&) re
corded the  spectrum of Venus up t o  h 2.5 p by means of a spectrometer with a 
hydrogen su l f ide  var i s tor ,  groups of strong bands were discovered a t  hh 1.6 and 
2 CL. Observations i n  recent years (Ref.235, 236, 15, 246) resul ted i n  t h e  dis
covery i n  the  region 1.1 - 1.2 P of a la rge  number of bands of medium in tens i ty .  
Nearly a l l  of these a r e  iden t i f i ab le  with various t r ans i t i ons  of 002. On t h e  /227
other hand, a l l  su f f i c i en t ly  intense laboratory (302 bands known within t h i s  range 
a r e  a l so  present i n  the spectrum of Venus. No COZ bands can be detected i n  the  
8 - 13 ~1 range. The reasons f o r  t h i s  will be discussed i n  Section 3.7. 

Figures lo3 - 107 present spectrograms and photoelectric t r aces  of t he  spec
trum of Venus obtained by various investigators.  Table 49 gives a l i s t  of the  
absorption bands pertaining t o  Venus, discovered from these observations. Certain 
COZ bands a r e  bo t " ,  L e * ,  a r e  formed on absorpt$nlGfrom the  fundament:; $$v?s.m 
There ex i s t s  a f:$r& g r g e  number of isotopic  C 02 bands, several  C 0 0 
bands, and one C 0 0 band. Figure 108 shows t h e  relat ionship between the  
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Fig.104 Photomicrogram of Spectrum of Venus near 1.05 p. 

I I I I I I I I I I i t I I I I I I i t - 1  I I I 1 I I I 1 I I I I I I I I I 

!45 1.0 15. 17n 

Fig.105 Spectrum of Venus in the Region Ah 1.4-1.8 p. 
l25-cm Reflector of Southern Station of the GAISh (State
Astronomical Institute im. Shternberg), CO~-cooled F'bS 
diffraction spectrometer, averaged from three trac9s 
recorded .On Sept.20, 1964; slits 0.7 m (AA = 12 A); 
rate 1.8 A/sec. Broken line - solar spectrum. 

Fig.106 Spectrum of Venus in the Region Ah 1.78-2.55 P. 
l25-cm Reflector of Southern Station of the GAISh, C02
cooled PbS diffraction.spectrometer* &rch 5,1963; z = 
= 64', slits 1 m (40 A), rate 7.3 bsec; 7 = 4.4 sec. 
Broken line - solar spectrum. 

1 
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Fig.107 Spectrum of Venus i n  the  Region 1.18 - 1.35 1-1 
according t o  Observations a t  McDonald Observatory 

h[Kuiper (Ref.15)I. 
Resolving power -

Ah 
M 1500, T = 3 sec. Diffract ion 

spectrometer, PbS, cooled with CO2. Broken l i n e  -
so lar  spectrum. 

equivalent widths of Venusian C02 bands 
and t h e i r  laboratory counterparts. The 
i so topic  bands do not exceed the  confines 
of t h e  overa l l  s c a t t e r  of points, which 

40 
It 	 means t h a t  t h e  r e l a t ive  content of t he  iso

topesC12:C13 and 0l6:Ol8 on Venus i s  the  
same a s  on the  earth. 

The r e l a t i v e  i n t e n s i t i e s  of !hotf*and 
normal C02 bands can be used f o r  determin

7; zff 3ff 4R 5ff 6i 7; 8) 9OWhh 	 ing the  v ibra t iona l  temperature, while t he  
r e l a t i v e  i n t e n s i t i e s  of t h e  allowed (bands 
i n  the  region hh 0.7-1.1 p) ro t a t iona l  

ro-
/231

Fig.108 Equivalent Width of CO2 l i n e s  can be used f o r  determining the  
Bands i n  Spectrum of Venus i n  Re- t a t i o n a l  temperature. These questions 
l a t i o n  t o  Laboratory Equivalent w i l l  be discussed i n  more d e t a i l  in Sec-

Widths (Ref .15) 	 t i o n  3.7. For now, we w i l l  only note t h a t  
a determination of v ibra t iona l  temperature 
i s  complicated by t h e  marked difference 

between the  r e l a t ive  i n t e n s i t i e s  of norm1 bands i n  the  spectrum of Venus and 
t h e i r  laboratory counterparts - t he  weak bands i n  the  Venusian spectrum a r e  co@ 
parat ively stronger, as c l ea r ly  indicated i n  Fig.108. 
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Fig.109 Equivalent Width of Venusian Bands, a s  a 
Function of t h e  In t eg ra l  Absorption Coefficient. 

Figure 109 gives t h e  equivalent widths W and mean absorptions E of t h e  
Venusian C02 bands a s  a function of t h e  spec i f ic  i n t eg ra l  absorption coeff ic ient .  
The i n t e g r a l  absorption coeff ic ient  f o r  bands i n  t h e  region h > 1.0 p was cal
culated from laboratory measurements by Kui e r  ( R e f  .15) ; t h e  absorption coeffi
c ient  of t h e  weakest bands h 78s and 8689 !iw a s  taken from t h e  study by Rank e t  
a l .  (Ref.247). Kui e r f s  measurements were analyzed on t h e  bas i s  of Elsasser fs  
model (cf .  Sect.1. .. The equivalent widths of t h e  Venusian C 0 2  bands w e r e  taken 
from other papers 1;;Ref.38, l48, 246). It follows from Fig.109 t h a t  t h e  equiva
l e n t  widths of even the  weakest Venusian l i nes ,  unlike t h e i r  laboratory counter
par ts ,  obey t h e  square law (Wm &). It i s  t h i s  t h a t  accounts for t h e  quali ta
t i v e l y  d i f f e ren t  slope of t h e  curve i n  Fig.108. The values of s used i n  p lo t t i ng  
the curve i n  Fig.108 a r e  given i n  Table 50. 

TABLE 50 

MEAN SPECIFIC INTECdlAL ABSORPTION COEFFICIENT OF COa LINES 

I 

0.782 105 4x 10-8 1 1.340 l e i  1.6*10-6 
0. S!i0 005 1.5*10-7 .I.47S 003 C'3) oxin-o 
1.bil 123 2x10-6 1.53s 361 3 x  10-6 
1.206 103 2x10-6 1.575 221 4 x  10-3 
1.221 023 1.4*10-6 r.6oe 2'k 1 /I* 10-(1 
1.203 32.1 3a1Va 1.646 mi  s x l ~ l - ~  
1.317 24'1 GxiO-6 , 2.156 003(0 ' 8 )  sx1o-J 

b) Variation i n  i n t e n s i t y  of 0 2  bands. The i n t e n s i t i e s  of 0 2  vary sub
s t a n t i a l l y  i n  time (Ref .  248-250)- We can mention two types of var ia t ions i n  in
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t e n s i t y :  1) systematic va r i a t ions  with phase angle; 2) random va r i a t ions  from 
day t o  day. Table 49 presents averaged values of t hese  va r i a t ions  f o r  small 
phase angles (cp M 40 - 50'). 

TABLE 51 /232 
INTENSITY OF COz h 1.6 BANDS I N  THE SPECTRUM OF VENUS 

AS A FUNCTION OF PHASE 

I Mean E q u i v a l e n t
l l u m i n a t e d  Width of t h e  Bands 
art  of DiskI h 1.575 and 1.606 p,

k /'- w, cm 
-~ ~ _ _ _ _

I I I 

51
44 0.S60 L9.*v 

54 2.2fL 0.703 59 
5, j  2.26 5 
78 2.56 1 0.612 41 
a4 2.70 I 0.545 52.. ~ 

100 0,412 39 
136 3.78 0,140 17 
147 6.60 o.os1 14 

7.40 0.073 16
12.50 0.024 13
16.70 I 0,016 

I 
10 

1 ' 1 

1 Date  

. -
I 

Oct.27-30,1961 

May 7, 1963 

J u n e  19-21,1962 

June  22-23,1962 

Sept.  20,1964 

Apr i l  2 ,1964 

Sep t .  17,1962 

Jan. 4,1966 

J u n e  5,1964 


I Jan.  11: 1966i Jan .  19; 1966 
Jan .  21.1966 

7 

7aa 0 equivalent width of t h e  absorption bands de
6aQ- creases,notwithstanding the  increase i n  t h e  

0 mean secant of t h e  angles of incidence and re
5aa  0

0 

4ffQ-
0 0 

f l e c t i o n  (which equals I \  

3m - 0 

0 cos y 1. 
2 

0 zoo- 0 c) Conditions for Formation of COS bands 
, , / I , , , i n  t h e  atmosphere of Venus. I n  a number of 
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crease with any increase i n  t h e  
6 0 - t I 8 4 , - 4 I I f I I I I T angles of incidence and ref lect ion.  

Chamberlain and Kuiper (Ref. 2+8)-. 
50 . - - \  

\ showed t h a t  i n  a semi-infinite homo-
\ 
\ geneous - i.e., having a constant 

40 - r a t i o  of absorption coeff ic ient  t o  
\ -30 \ sca t t e r ing  coeff ic ient  B = -k / ; ? 3 3

\ 0 

ZQ - \ 
* \. 	 sca t t e r ing  atmosphere t h e  dependence 

of absorption on t h e  angle of in--70 cidence i s  roughly i n  agreement 
. .  * 1 . 1 1 , , , , , , , 1 with observations i f  B i s  suff i 

30 60 90 7ZU 750 78U0 c ien t ly  low. 

Fig.111 Phase Dependence of t h e  Mean
cp The CO, absorption bands i n  the 

In t ens i ty  of t h e  Bands h 1.575 and spectrum of Venus or iginate  within 
1.606 CL. t h e  cloud layer.  The i n t e n s i t y  of 

t h e  absorption bands forming in a 
scat ter ing medium obeys l a w s  t h a t  

a r e  t o t a l l y  d i f f e ren t  from those i n  a medium with pure absorption. In particu
lar, t h e  degree of absorption depends not on t h e  absolute amount of t h e  absorb

k
ing  substance but on t h e  r a t i o  - (cf. Sect.l.5).

0 

Consider weak l i n e s  fo r  which everywhere B 1. I n  t h e  absence of absorp
t i o n  i n  a continuous spectrum and a t  a Lorentz form of t h e  absorption coeff ic i 
ent [cf .  eq. (1.47)], eq. (1.104) y ie lds  

where k i s  the  i n t e g r a l  volume coeff ic ient  of absorption. The equivalent width 
i s  

fiO 

\I,' = 5 R,dv. 
--a3 

This i n t e g r a l  diverges i f  Rv i s  specif ied by eq.(3.10). To avoid divergence, /23L, 
we s h a l l  r e s t r i c t  t h e  limits of i n t eg ra t ion  t o  some quant i ty  v, % Av,. Then, 
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Putting am= d = 1.56 cm-1 (mean distance between indiyidual rotational lines 
in C02 bands), the logarithmic multiplier W i l l  vary from 5.11for AVC = 0.01 cm-I 
(pressure of approximately 0.1 atm) to 2.8 for Av, = 0.1 cm- (pressure of ap
prox5mately 1 atm). The equivalent width of the faint lines forming in a scat
tering medium is proportional to ,/=,like saturated lines in a medium with 

pure absorption. Thus, the observed quadratic dependence of the equivalent 

widths of Venusian C02 bands is satisfactorily explained by the model of a semi-
infinite homogeneous scattering atmosphere. 

If the coefficient of absorption k, in a continuous spectrum exceeds the 
coefficient of absorption in a line kv, then eqs.(3.10) and (3.11) no longer ap
ply. In this case, 

and the equivalent width obeys the linear law 


kc 
where B c  = -* 

0 

The function S(cL1, IJ.2)is lower at gladncing angles of incidence than at 
normal incidence. The phase angle cp = 150 corresponds on the average to = 

= pa = cos 3- = 0.25. To account for the observed phase course of the intensity
2 

of 0 2  bands, it must be assumed that S ~ 2 at p M 0.25s S T =  6 at p = 1. b
2nperiments with suspensions simulating scattering clouds of large particles f -= 

\ A  
are in agreement with these values of S7 .  Chamberlain (Ref.251), as

suming isotropic scattering, found that 


~ ~ - p l +pz. 


According to eq. (3.10), 
1 = 6 3  A%", (3.15) 

where Av,,., is the measured half-width. The only known investigation of the 
width of Venusian lines was carried out by Spinrad (Ref.38). His measurements 
give 

AvC ==: 0.IO cm-1 (3.16) 
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with fluctuations of roughly twice as much in both directions. Hence, :~.z::luninq
that N2 is the principal constituent of the atmosphere (below, we w i l l  see th:J,t 
the relative concentration of cO2 is small), eq.(1.46) can be used for estimating
the pressure, which then is found to be 1.6 atm. The variations in Av, appar
ently reflect real variations in effective pressure, depending on the mean depth 
at which the lines take f9rm. The mean equivalent width o f  individual rota
tional Lines of the 8689 A band in the presence of low phase angles is 0.05 cm-l 
according to Chamberlain (Ref. 251). Substi-tutingin eq. (3.10) this value o f  W, 
Av, = 0.1 cm-1 ,and S'Q= 6, we then find the parameter B for the line center 

Since weak lines in the spectrum of Venus obey the square law, the parameter B 
in the continuous spectrum must be lower than B O  : 

pc <2.5~10-~.  (3.181 

It follows that true absorption is not the reason why the albedo of Venus 
differs from unity, since we then would have B C  = 0.01. Apparently, this dif
ference is due to the limited optical thickness of the atmosphere. In the pre

ceding Section it was shasn that in this case ro= X), if sw 10 - X). To
h 

verify the extent to which this model fits the spectroscopic observations, we 
calculated the dependence W(B)  from eq. (1.100), assuming that the surface albedo 
A, = 0.1;70 = 20; SI= 6 at p = 1 and S'l) = 2 at p = 0.25. The results are 
presented in Fig.112 for two values of Avc = 0.1 and 0.01 cm-l (pressures of 1.6 
and 0.16 atm). Plotted along the abscissa are the mean values of absorption /236 

Overlap between adjacent lines was not taken into account. When p < 0.2, 
eq.(l.lOO) is unsuitable, and in such cases we utilized the P ( B )  dependence cal

2mculated by L.M.Romanova for particles with -A = 20, m = 1.3, by the exact nu

merical method described by Romanova (Ref.59). The oFserved dependence R(s) is 
located between the curves for AVC = 0.1 and 0.01 cm- in such a manner that, as 
was to be expected, weak bands corres ond to somewhat higher pressures than 
strong bands (see the dots in Fig.112 P . 

Hence a scattering atmosphere of finite thickness satisfactorilyaccounts 
also for the observed relative intensities and phase dependence. Figure 112 pre
sents the curve f calculated for a semi-infinite atmosphere with limited con
tinuous absorption (B, = 0.005 or ac = 0.995). As is readily seen, this curve 

/237 
cannot account for the observed relative intensities. 
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Fig.112 Theoretical  Correlation of t h e  
I n t e n s i t y  of C02 Bands with k/a f o r  
Various Parameters of t h e  Scat ter ing Layer. 
a - T O  = 20 ,  As = 0.1 k,/o = 0, Av, = 
= 0.1 cm-', normal angles of incidence and 
observation (p = 1);b - Same, f o r  75' 
angles of incidence and observation (f = 
= 0.25); c - Same, f o r  A V C  = O.Ollcm- , 
p = 1; d - Same f o r  Avc = 0.01 cm , p-- 0.25; e - T O  = my p = 1, AV,  = 0.1 cm Y 

k = 0, f - Same f o r  k,/o = 0.005. 

Curve e i n  FYg.ll2, calcu
l a t e d  f o r  a semi-infinite atmosphere 
without absorption i n  t h e  continu
ous spectrum, l i e s  subsLantially 
above curve a, even a t  R = 0.5 
(TO = 23, with a l l  other  ara
meters remainingthe sameP . This 
means t h a t  not only weak but a l s o  
s t rong COZ bands w i l l  form a t  con
siderable  o p t i c a l  depths. I n  t h e  
case of s t rong bands, these g rea t  
depths account f o r  most'of t h e  ab
sorption i n  t h e  l i n e  wings. 

To estimate t h e  amount of COZ 
i n  t h e  atmosphere, a spec i f i c  scat
t e r i n g  coe f f i c i en t  CJ or, f o r  a 
given t o t a l  o p t i c a l  thickness TO, 

a spec i f i c  l i n e a r  thickness Az of 
t h e  o p t i c a l  layer must be known. 
In terrestr ia l  s t r a t u s  clouds t h e  
coe f f i c i en t  i s  o M 3 x cm-3 
(Ref.61). Assuming the  same scat
t e r i n g  coe f f i c i en t  f o r  Venusian 
clouds, we have 

It i s  doubtful whether a cloud 
l aye r  of an average thickness of about one kilometer could constantly envelop t h e  
e n t i r e  planet without occasionally showing some major rents and gaps. Apparent
ly ,  Az must be a t  least one order of magnitude higher. The upper limit of Az i s  
determined by t h e  a l t i t u d e  of t h e  apparent cloud t o p  above the  underlying SW
face of t he  planet: 

Az =5 x 1 0 6  cm,&hence Q == 4x10-Gm-l. 

The absolute concentration of COZ and t h e  absorption coeff ic ient  both de
crease exponentially with a l t i t u d e  

z 

k = koe H , 

k
where H i s  the a l t i t u d e  scale. The assumption of a f ixed 7 r a t i o  means t h a t  
t h e  sca t t e r ing  coeff ic ient  obeys t h e  same l a w  

2 
HQ =ooe 

and t h e  t o t a l  o p t i c a l  thickness i s  
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where (Jo i s  the  sca t te r ing  coeff ic ient  a t  t h e  base of t he  cloud layer.  Conse
quently, /238 

d - t O - 23 
0 - H - p - -2x10-6. 

Putting Avc = 0.1 c<l a t  t h e  l e v e l  where p * 1.5 atm, 

;= 10-5 em-’, 
k 

we have, f o r  the  h 8689 band (E= 0.03, 7= 3 X loe4; cf. Fig.l l2),  

12= 3r IO - D C ~-1, 

According t o  Table 51, the  specif ic  i n t eg ra l  absorption coeff ic ient  fo r  
t h i s  band i s  

-
s = 1.5n10-’Cm-l (cm. atm)-l, 

so tha t  the  C02 content must be 

rcos = 0.02 cm.atm.cNa (3.21) 

or t he  r e l a t ive  concentration a t  P = 1.5 a t m ,  

c =0.015. (3 22) 

If the  pressure i s  P = 10 atm a t  t he  surface (cf. Sect.3.9), the t o t a l  amount of 
CO2 i n  t he  Venusian atmosphere w i l l  be 

The reduced thickness u:,, within t h e  cloud cover i s  

The model of simple r e f l ec t ion  (Ref.&., 39, lll, 24.7, 249, 254) implies t he  
presence of one t o  several  km atm of COa above the  cloud layer,  according t o  
the  weak bands a t  h 0.8 p and several  hundred m a t m  according t o  the  strong 
bands a t  h 1.6 )L (Ref.2365 a s  well as a r e l a t ive  CO2 concentration of about 10%. 

2 

The assumption t h a t  (J = (Joe appears f a i r l y  a r t i f i c i a l  i n  v i e w  of our 
knowledge of t e r r e s t r i a l  clouds, whose tops always a r e  sharply delineated. It 
would be in t r igu ing  t o  consider a model i n  which k var ies  exponentially while 0,  

for  example, r e t a ins  a ce r t a in  constant value of 

0 -=a, 



up t o  an a l t i t u d e  z = zo, and a value of 0 = 0 when z > ZO. Invest igat ion of 

such a model with a var iable  -k r a t i o  would be impossible without complex cal
0 

culations on electronic  computers. W e  considered another model /23q 

ti- = p  ,,-- const 

up t o  an a l t i t u d e  z = 00, while a t  z > 00, 

where H i s  t h e  a l t i t u d e  scale.  It turned out t h a t ,  in such a model, t h e  phase 
effect  q u a l i t a t i v e l y  agrees with t h e  observations (W decreases with decreasing p)  
only when I 

<10-Ocm-l, 

-1A t  0 = cm t h e  e f f ec t  of t h e  a i r  mass i n  t h e  atmosphere above t h e  cloud 
already compensates the  e f f e c t  of damp%g of t h e  intra-cloud component of t h e  
l i nes .  A s ca t t e r ing  coeff ic ient  of 10- cm-' would be d e f i n i t e l y  t o o  low. More
over, for such a l o w  0,  it is  meaningless t o  speak of a sharply delineated 
boundary of t he  cloud l aye r  s ince then t h e  mean free path of t h e  quantumwould 
exceed the  a l t i t u d e  scale. 

This means t h a t  t he  Venusian cloud mantle lacks a sharply defined boundary. 
The aerosol concentration gradually decreases with a l t i t ude ,  apparently even 
more slowly than the  gas density. This i s  indicated by the  phase e f f e c t  of t he  
strong bands a t  A 1.6 and h 2 v. According t o  t h e  curves a and b i n  Fig.ll2, 
t h e  equivalent width of t h e  h 2.06 p band should decrease by only 30 - 40% on 
t r a n s i t i o n  from CL = 1and IJ. = 0.25 but a c t u a l l y  decreases by about a f ac to r  of 3. 
Presumably, t h i s  i s  due t o  t h e  f a c t  t ha t ,  close t o  c1 = 0.25, t h e  band forms i n  

higher l aye r s  of t h e  atmosphere where the  -k r a t i o  i s  lower. I n  addi t ion t o  t h e  
0 

smooth va r i a t ion  i n  -	k with altTtude, inhomogeneities of another type such as 
0 

cloud s t ruc tu re  and r e l i e f  of t h e  cloud surface, a l s o  IIBY be a factor .  

Let us sum up b r i e f l y  t h e  foregoing: The r e l a t i v e  concentration of cOz i n  
t h e  atmosphere of Venus i s  approximately 1.5% with an indeterminacy of 2 - 3 
times or more depending on t h e  a c t u a l  closeness of t h e  adopted model of t h e  

cloud l aye r  (TO = a'; 2nr
sca t t e r ing  i n d i c a t r i x  corresponds t o  -

h 
10 - 20; t h e  

-k r a t i o  does not change with a l t i t u d e ) .  The t o t a l i t y  of observations points
0 



-- 

to a cloud layer of extended height, which lacks a distinct boundary and has a 
scattering coefficient close to 10-5 cm-l. 

Let us discuss, in s2me detail, the question of atmospheric pressure. The 
halfwidth of the h 78x) A band lines as determined by Spinrad yields /210 

,P=:1.5 a h ,  (3.25) 

which is roughly half as much as indicated by Spinrad himself (Ref.38); the dif
ference is due to the difference in models [a simple-reflection model was assumed 
in his paper (Ref.38)I. This pressure is somewhat averaged over the height of 
the cloud layer. It is difficult to f ix  the altitude of the level for this par
ticular pressure, in accordance with its ratio to the surface pressure and, 
particularly, to the apparent top of the cloud layer. The first of these ratios 
can be defined from available data on rotational temperatures but only within 
the framework of a specific model of the atmosphere, while it is Virtually im
possible to determine the second ratio. It must be emphasized that the concept
of 'top of the cloud layer", which often figures in studies of Venus, has no true 
physical meaning; not one of the parameters k"from observations can be tied 
to this concept. An exception is the determination of the pressure and altitude 
scale at the level at which the eclipse of Regulus occurs (Ref.69). By extra
polating the findings to the apparent l imb,  it becomes possible to determine the 
pressure at the corresponding altitude. However, any further downward extrapola
tion would be extremely unreliable, since all of the other sical parameters 
are measured in the central portion of the disk (cf. 

-_ .Section 3.5 GO and Dissociation of COz 

In 1961, Sinton (Ref.255, 256) discovered the CO A 2.35 P absorption band 
(first overtone) in the spectrum of Venus. He estimated the equivalent path as 

79 atm at a pressure of 7.1 cm in the spec

25 24 23 a,p 

Fig.ll3 Smoothed Curves 
Plotted by Dividing the In
tensities in the Spectrum
of Venus by the Intensities 
in the Spectrum of the Sun 
in the Region Ah 2.2-2.5 P. 

cm 
trometer cell (without correction for double pas
sage and secant). On the basis of observations 
performed in the summer of 1962 (Ref.235), we 
found only extremely unreliable traces of plane
tary absorption in the A 2.35 P band and estimated 
the equivalent path of GO as 5 cm atm at normal 
pressure. Kuiper, during observations in the 
summer of 1962 (Ref.15, 25?), detected no absorp
tion 5 n  the h 2.35 P band and estimated the upper
limit as 10 cm atm at atmospheric pressure. 

In the region h 2.35 P, fairly strong ab
sorption is displayed by the edge of the telluric 
band V 3  H20 (the X band which, in ground-based
observations, completely obscures the range 
Ah 1.55-2.80 P). Hence it was essential to re
peat the observations in winter at sufficiently
low temperatureswhen the absolute moisture con

tent and the telluric absorption of Ha0 are small. We did this on March 5,1963 
CFig.107 (Ref.236)l when the ambient air temperature was about -1OOC.  Of the 
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I4 spec t r a l  t r a c e s  recorded on t h a t  day we selected t h e  eight  best ,  divided them 
i n t o  four pairs ,  averaged the  spectra  f o r  each pair ,  and divided each of t he  
four averaged spectra  by the  s o l a r  spectrum observed on t h e  same day. Smoothed 

curves representing t h e  r e s u l t  of these operations a r e  
shown i n  Fig.ll3, -All four curves exhibi t -a  character
i s t i c  depression with a peak near h 2.35 I-L and with 
two minima corresponding t o  t h e  R-and P-branches of 
t h e  2 - 0 CO band. For comparison, Fig.l l4 presents 
a laboratory spectrum plo t ted  by us with an 85-mm long 
spectrometer c e l l .  The slits, i n  t h e  laboratory ex
periment, were more narrow than i n  the  observations of 
Venus (0.5 mm instead of 1 mm) but t h e  h 2.35 p band 
i s  very wide so t h a t  t h i s  difference i s  hardly signi
f icant .  A t  h 2.28 P, t h e  Venusian spectrum contains 
yet  another mini" of roughly the  same depth. Its 
nature i s  st i l l  obscure. 

Fromthe laboratory spectrum i n  Fig.ll4, with t h e  
a i d  of Elsasser’s model, we can estimate 

Fig.114 Laboratory 
Spectrum of CO i n  t he  
Region of t h e  First 

f o r  t he  spectrum of Venus E = 0.05, so  t h a t  t he  meanHarmonic. 
P = 1atm, c e l l o  equivalent G d t h  of an indilddual ro t a t iona l  l i n e  of 
85  mm, M = 2.3 A. CO w i l l  be W = Rd = 0.2 cm- . In  t h e  case of C02, 

such an equivalent width would imply E = 0.2= 0.12;1.6 
Av, for-CO under normal conditions i s  0.13 cm-l. Curve a i n  Fig. l l2  i n  t h e  
region R < 0.2 may be represented by t h e  formula 

20yW = Q X d =  0 . 5 6 4 :  k +0.66, 

and curve by  by t h e  formula 

From eq. (3.27) ,we have 

= 4 x  10-3 

and, put t ing 0 = cm-l, we f ind t h a t  

k =  4 ~ 1 0 - ~ c m - ~ .  
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From eqs.(3.28) and (3.25) we find the content 

If P = 1.5 atm, the relative concentrationWill be 
c = 1.5x 10-0  

and the ratio of concentrations of CO and COz, 

[GO]: [CO,]= 10-4. (3 3) 

It Seem probable that photodissociation of COz by so lar  ultraviolet radia
tion may be a source of CO in the atmosphere of Venus. Let us try to estimate 
the amount of CO that may be produced by such photodissociation. We W i l l  assume 
that the photochemical equilibrium of CO2 is determined by the chain of reac
tions (cf. Sect.2.5) 

C O z + h v - - t C O + O ,  h<1700 A, 
co + 0 + ;\I 4coz + All 

0 + 0+ M - 0 2  + M, 
O 2 + h ~ - + O + 0 ,  h<1750A.  

As a reaction inverse to the reaction (2.42), except for (2.43), a considerable 

role may be played by recombination of CO with an excited oxygen atom 


but, to simplify the calculations, we Will disregard this. Thus, our final equi
librium values of CO concentration may be exaggerated. 

The velocity of reaction of the photochemical decomposition of CO2 (3.42) is 

r l r l  	(CO,) I I  (CO,) 
r l1  - - - I  ‘ co ,  (3.31) 

where 


Here, s i  is the photodissociation cross section; Fx is the radiant flux. The 
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veloc i ty  of t h e  back react ion (2.43) i s  

dn (coz) - n(C0).n (0)* n (M) - c1, (3.33)d t  

where C1 i s  the  rate constant of t h e  reaction. According t o  Bates (Ref.258) 

Par t  of t h e  oxygen atoms, owing t o  the  ternary-recombination react ion (2.44,), i s  
l inked t o  t h e  molecules a t  a rate of 

where, according t o  Penndorf (Ref. 259) , 
C2= 10-32 cm ti .sec-'. (3.36) 

The ve loc i ty  of t h e  back react ion i s  

(3.37) 

where 

(3.38) 

Under equilibrium conditions, eqs. (3.31) and (3.33) y ie ld  

n (COa) = n (CO) * n (0)n (A{) * c, * tco, (3.39) 

while eqsa(3.35) and (3.37) give 

*n ( 0 2 )  = n (0)n (0)- n (M) c2 * to,. (3.40) 

I n  addition, under equilibrium conditions, 

n (CO) = n (0)$- 2n ( 0 2 ) .  (3.41) 

Let us assume the  i n i t i a l  chemical composition t o  be 98.5% N2 and 1.5% CO2. Ac
cording t o  Kovalc (Ref.252), t he  molecules of Nz a r e  1.5 times less effect ive,  
i n  t h e i r  qua l i t y  as t h i r d  body, than 02 and C02. 

Since the  ve loc i ty  of react ion i s  cor rec t ly  known only in order of ma@- /2wL
tude, t h e  difference i n  effect iveness  can be disregarded and it may be assumed 
tha t  
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where no i s  the  t o t a l  i n i t i a l  concentration. I n  addition, 

Equations (3.39) - (3.42) represent a system with four  unJsn0wn.s: n(COz), n(CO), 
n(Oa), and n(0). The i n t e g r a l  terms of e q ~ ~ ( 3 . 3 2 )and (3.38) include a quant i ty  
determined from t he  f o r d a  

(3.43) 

where FOXi s  t h e  extra-atmospheric flux; 7 i s  the  op t i ca l  t h i c k n e s s a t a  given 
l e v e l  i n  a given wavelength. Outside the  atmosphere, t h e  l i f e t imes  of C02 and 
OS molecules are,  respectively,  

tco, = I O e  sec , 
t o ,  = 3 104 sec . 

When calculat ing t c o 2  and t o 2  from eqs.(3.32) and (3.38), t h e  in t eg ra l s  a r e  
subst i tuted w i t h  sums of t h e  type of 

For t h i s ,  the  values of sh and Fox (extra-atmospheric flux) given in Table 52 a r e  
used. The d issoc ia t ion  cross sections of CO2 were taken from Wilkinson (Ref.260) 
and the  dissociat ion cross sect ions of 02, from Watanabe (Ref. 261). 

Extra-atmospheric f luxes of u l t r av io l e t  rad ia t ion  a t  various wavelengths ,&?.& 

TABLE 52 

ASSUMED PHOTODISSOCIATION CROSS SECTIONS AJXI SPECTRUM 
OF SOLAR ULTFiAVIOLET RADIATION 

a. A 

2400-2200 
2200-2000 
2000- 1900 
1900-is00 
ISOO-1700 
1700-1 GOO 
1G00-I500 
1500-1400 
1400-1300 

-



were taken from Hinteregger’s study (Ref.aS2) and adjusted t o  t h e  dis tance of 
Venus by multiplying by 2. Figures 115 and U 6  show to2and t c o 2  as a f’unction 
of t h e  amount of 02 and C02 above a spec i f ic  level .  

7673“I J 1  

Fig.ll.5 Lifetime of 02 Molecules Fig0116 Lifetime of CO2 a s  a 
as a Function of t h e  Amount of Function of the  Amount of 02 
02 above a Given Level of the  (a) and C02 (b) above a Given 

Atmosphere. Level of t he  Atmosphere. 

The system of equations (3.39) - (3.42) can be reduced t o  a s ingle  equation 
of t he  th i rd  degree 

w i t h  respect t o  t h e  var iab le  

(3.45) 

Upward of t he  dissociat ion l e v e l  of 02 i n  eq0(3.44), t he  second term of t h e  radi
cand becomes much smaller than the  first. In t h i s  region, we have 

and 
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Below the  O2 dissociat ion leve l ,  t he  first term of t h e  radicand i n  eq.(3.44) i s  
much smzller than the  second. Neglecting the first term, we  have 

and 

n (COa)= i . 5  x 10-2n0, 

n (0,)= 10'2 7 2no -. ( 3 -55) 

Thus, the  posi t ion of t he  CO2 dissociat ion l e v e l  i s  determined by the  amount 
of molecular oyygen produced by the react ion (2.44) and by the  posi t ion of t h e  
dissociat ion l e v e l  of oxygen. Molecular oyygen forms a protect ive layer  retard
ing the  dissociat ion of CO2 and ra i s ing  the  a l t i t u d e  of i t s  dissociat ion leve l .  
It can be seen from Figs . l l5  and l l 6  t h a t  t he  values of tozand t c o 2  a l so  in
crease sharply when the  t o t a l  amount of 02 above a given l e v e l  reaches a c r i t i c a l  
value. It i s  thus obvious t h a t  the  t r ans i t i on  region, where x = 1, must be n a p  
row. We solved eq,(3.44) for a descending se r i e s  of d i sc re t e  a l t i t u d e s  spaced 
by 10 k m i n  the  region of x 9 1and l a t e r ,  on approach t o  the  dissociat ion leve l ,  
spaced by 5 km. Below t h e  dissociat ion leve l ,  t h e  spacing w a s  increased again. 
The s t a r t  of reckoning w a s  taken a s  the l e v e l  a t  which the  1960 occultation of 
Regulus occurred. A t  t he  a l t i t u d e  of t ha t  level ,  according t o  Menzel and de Vau
couleurs (Ref.69), we have 

P=2.60f0.13.1.1O-~m&, H=6.8*0.2 km. (3.56) 

It was assumed t h a t ,  a t  t h e  level ,  

According t o  de Vaucouleurs (Ref.69), the  logarithmic gradient of t h e  a l t i t u d e  a 
sca le  i s  as follows: 

" d'f_ _ -- O . O i O f  o.uo2. ( 3  .57)If dz 

We disregarded the  presence of t h i s  gradient and assumed t h a t  H =6.8km 
everywhere. "he results of t he  calculat ion a r e  given i n  Table 53 and Fig.ll.7. 
It can be seen from Table 53 t h a t  t he  thickness of the  layer  d t h i n  which x in
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creases from 0.3 t o  3 i s  very l imited (about 5 km), Le. ,  t h e  t r a n s i t i o n  l aye r  
i s  very narrow and t h e  presence of a sharp COZ d i s soc ia t ion  level i s  qu i t e  con
ceivable, It i s  l o g i c a l  t o  a s s m e  t h a t  t h e  height of t h i s  l e v e l  i s  the  a l t i t u d e  
a t  which x = 1 (z = -18 km). Actually, t h e  d i s soc ia t ion  level i s  blurred by 

diffusion and mixjng. owing t o  these pro
cesses, t h e  concentration of COZ and 02 above 

1 r , - T - - ,  I I I t h e  d i s soc ia t ion  level my be much higher than 
calculated i n  theory. Below t h e  dissociat ion 
level ,  t h e  d i f fus ion  rate i s  s u f f i c i e n t l y  low 
and mixing accounts f o r  t h e  downward trans
port  of d i s soc ia t ion  products. It follows 
from Table 53 tha t ,  i n  t h e  region where P M 
M 1a t m  (n M lo1’ ~ m - ~ ) ,t h e  calculated rela
t i v e  concentration 

[C:o]: [CO,]=: 10-6, 

i s  two orders of magnitude smaller than ob
served. However, a t  a level  only 20 km higher
it reaches an order of 

Fig.=? Photochemical �Qui.- The l i f e t i m e  of GO molecyles within t h i s  
l ibr ium of CO2 i n  t h e  a l t i t u d e  i n t e r v a l  i s  about 10 sec while t h e  

Atmosphere of Venus. 	 cha rac t e r i s t i c  d i f fus ion  t h e  (cf. Sect .1.7) 
i s  10l1 - 10l2 sec; thus, i n  accordance with 
t h e  above, d i f fus ion  i s  unable t o  cause an ap

preciable r ed i s t r ibu t ion  of t h e  dissociat ion products. The e f f e c t  of mixing i s  
d i f f i c u l t  t o  estimate quant i ta t ively,  but it i s  doubtful whether it could aug
ment t h e  r e l a t i v e  concentration of CO by two orders of magnitude. That would 
require  a v i r t u a l l y  constant absolute concentration of CO below t h e  dissociat ion 
l e v e l  ~ m - ~ ) .  It must be s ta ted t h a t  t h e  hypothesis of t h e  photochemical 
o r i g i n  of CO involves major discrepancies. It appears t h a t  t h e  CO present i n  &!J& 
t h e  Venusian atmosphere i s  of d i f f e ren t  origin.  

The photochemical equilibrium of COZ i n  t h e  atmosphere of Venus had been 
considered earlier by Shimizu (Ref.263) and by us (Ref.236), but these s tudies  
referred t o  excessively high relative concentrations of COZ derived f r o m t h e  
simple-reflection model. The dissociat ion l e v e l  in t hese  s tudies  was  assumed as 
about 1 5  km higher; i t  roughly coincided with t h e  level a t  which the  ecl ipse of 
Regulus occurs. 

Section 3.6 -ition of t h e  At-here and Cloud .Jayex 

a) -. In Section 3.4 it was shown t h a t  t h e  r e l a t i v e  con
centrat ion of COz i s  far below 100%. Apparently, we lack observational data on 
the  nature of t h e  g rea t e r  p a r t  of t h e  atmosphere, s ince a l l  other i den t i f i ed  
molecules represent incontestably minor const i tuents  of t h e  atmosphere. In 1954,
Kozyrev (Ref.264) first photographed t h e  spectrum of t h e  Ashen Light of Venus 
and discovepd a series of emission bands which he iden t i f i ed  with t h e  emission 
of  N2 and Nz. 
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TABLE 53 

CONCENTRATION OF CQ, COS 0, AND 02 I N  THE UPPER LAYER5 
OF THE VENUSIAN ATMOSPHERE(PHOTOCHEMICAL EQUILIBRIUM) 

Concentration 
2 ’  

II Total GO, OS 0 GO 

30 9.7%1011 2x102 Gx lV 1.4XiO’” 
20 4.2%1012 1.7~104 5x103 G.3XlO’O 
10 
0 

I.8~1013 1.3xIOG
8s’Ir.:; 1.1x10~ 

4x10” 
3 .4x1O1O 

2 . 7 ~ 1  
1.2XlO‘~ 

-5 1.7slCi14 3x109 4x10” 2,5X10‘? 
--:0 3.6r101J 1x10” l.SXl0’l 5 . 3 ~ 1 0 ~ ~  
-15 7 .6x1014 3%10*1 4x10’2 9 x l W  
-20 I.GXIO’~ I.sx1013 3x1011 C,xlOla 
-25 3.4%1016 4 .7x 1GI3 2x10’3 4x10’~ 
-30 7 . I x I O ~ ~  1.1X10’~ f0’1 2x10’1 
-40 3 ~ 1 0 ~ ~  3x1014 5 XI 10’1 

GI1 

0”
-(io ~ . 2 ~ 1 0 1 7  9.3XlO’j 3F.101’ CX10” 
-S3 1.2x10’Q I.8x1017 2x10” 4x1011 

+ The a l t i t u d e  of the l e v e l  of t h e  occultation of Regulus (Ref.69) 
i s  taken as the  s tar t  of reckoning. 

Warner (Ref.265) confirmed t h i s  id+entification, but mentioned t h a t  /2kq
par t  of t h e  bands may r e f e r  t o  02 and 02. However, desp i te  numerous subsequent 
attempts by N.A.Kozyrev and other invest igators  [see, e.g. ( R e f .  266, %“)I, no 
other photographs of these  bands could be obtained. G.P.Polyakova, Ya.M.Fogelf, 
and Chfiu Yu-Mei (Ref.268) showed t h a t  a l l  of t he  bands discovered by Kosyrev 
a r e  present i n  the  C 0 2  emission excited by a 38-Kev proton beam and t h a t  no 
posi t ive conclusions as t o  the  presence of nitrogen and f r e e  oxygen i n  t h e  Venus
i a n  atmosphere can be drawn from Kozyrevfs spectrum. Apparently, i n  1954 Kosyrev 
obtained h i s  spectrogram during an  intense bombardment of Venus by a so la r  cor
puscular flux, i.e., he had observed a polar aurora on Venus. 

It i s  normally assumed t h a t  nitrogen i s  a major consti tuent of t h e  Venusian 
atmosphere, but it must be s t ressed t h a t  t h e  only ground f o r  t h i s  assumption i s  
an analogy with t h e  earth.  In t h e  case of Mars, we a l s o  considered another pos
s i b i l i t y ,  namely argon o r  a mixture of argon and nitrogen. On Venus, t he  rela
t ive  concentration of i n e r t  gases can hardly be s igni f icant  s ince t h e  t o t a l  pres
sure a t  t he  surface i s  quite high. 

Repeated attempts have been made t o  detect  molecular oxygen i n  t h e  atmo
sphere of Venus. In 1962, V.K.Prokoffyev and N.N.Petrova (Ref .269-271) announced 
t h e i r  discovery of weak Venusian Dopplex satel l i tes  i n  t h e  wings of t h e  l i n e s  of 
t h e  t e l l u r i c  bands of oxygen A (A 7660 A). On d i sc re t e  spectrograms and photo
micrometric t r aces  these s a t e l l i t e  Lines are not v i s ib l e ;  they could be detected 
only by averaging a l a rge  number of spectra. The displacement o f t h e  sa te l l i t e  
l i n e s  varied i n  accordance with t h e  expected Doppler shift. Spinrad and =chard
son (Ref.272), who used an instrument with a high resolving power, f a i l ed  t o  f ind 

201 




I .. . 

these  s a t e l l i t e s ,  but they did not use averaging so t h a t  t h e i r  f indings can 
hardly be considered a conclusive refutat ion.  

V.K.Prokof*yev and N.N.Petrova gave no estimate on t h e  i n t e n s i t y  of these  
s a t e l l i t e  l i n e s  o r  on t h e  02 content. Spinrad and Richardson estimated the  up
per limit of equivalent width, as 

wo,<0.008 A 
and of t he  amount of 02, a s  

uo2<70 cm - ntm 

from the  simple-reflection model. In  t h e  above-adopted scattering-atmosphere 
model, we have 

According t o  Spinrad e t  al.  (Ref.272), s = 3 X cm-I (cm atm)-l and the  
content i s  

ro ,<3x  10-jcm.  a t m - ~ m - ~ ;  

while the  r e l a t i v e  concentration i s  

ro ,  <2 x to-5. 

This i s  x) times as much a s  obtained from calculat ions of photochemical equi
librium, but mixing may increase the  r e l a t i v e  concentration of O2 above i t s  theo
r e t i c a l l y  calculated amount. In t he  d i rec t - re f lec t ion  model, t h e  r e l a t i v e  con
centrat ion i s  i f  the  pressure above the  cloud layer  i s  taken as 0.3 a t m  
(Ref.236). For our estimate, we used eq.(3.27) with somewhat a l t e r ed  constapts, 
i n  view of a o 2  M 0.04 cm-' (cf.  Table 9)  and, a t  P = 1.5 atm, Avc M 0.06 cm- . 

It was assumed, as before, t ha t  0 M cm-'. 

b) Water vapor. The first indicat ions of t h e  presence of HzO i n  t h e  atmo
sphere of Venus were derived from observations by Strong, Ross, and Moore 
(Ref.273, 274), carr ied out from a balloon a t  an a l t i t u d e  of 25 km by means of a 
reflector w i t h  a photoelectr ic  spectrometer i n  the  region of t h e  absorption band 
h < 11,300 A. The guiding was manual and somewhat inaccurate so t h a t  t he  records 
became s l i g h t l y  d is tor ted  and, although the  presence of Doppler s a t e l l i t e s  was 
recorded, it w a s  d i f f i c u l t  t o  estimate the  absorption. I n  February 1964 
(Ref.275, 276), t he  observations were repeated with a more ref ined apparatus 
equipped w i t h  automatic homing and guiding attachments, and t h e  extent of absorp
t i o n  was measured accurately t o  within k5%. The i n t e n s i t y  of t h e  Venusian ab
sorption bands proved one order of magnitude grea te r  than t h a t  of t h e  t e l l u r i c  
bands a t  an a l t i t u d e  of 25 km. On t h e  bas i s  of t h e  simple-reflection model, 
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Strong and h i s  coworkers estimate: t h e  equivalent path of & O  i n  t h e  Venusian 
atmosphere as 1.1X gm cni (2.9 X gm cm-2, t a k i n  t h e  a i r  mass 
i n t o  account) a t  a pressure of 600 mb o r  as 4.7 X gm cm-' a t  a pressure 
of 90 mb. Far l ier ,  Dollfus (Ref.277) obtained a r a the r  similar estimate as t o  
t h e  amount of H 2 0  i n  t h e  Venusian atmosphere but  t h i s  had been subject t o  doubt, 
since, f o r  Mars, t h e  same study had specified a c l ea r ly  exaggerated amount of 
H2O 

Spinrad (Ref. 278), using t h e  Doppler s h i f t  method, searched f o r  planetary 
Lines of H2O near h 8180 on p l a t e s  t h a t  gave &igh ro t a t iona l  temperatures and 
high pressures with respect t o  t h e  band 7820 A. It was assumed t h a t  t h e  atmo
sphere on t h e  corresponding days was a t  i t s  most i n  t h e  invest i - /251
gated+spectrum region. Spinrad found no Doppler s a t e l l i t e s  and gave an estimate 
of 10 f o r  t he  upper l i m i t  of t h e  r e l a t i v e  concentration of H20.  Observations 
by Strong's t e m . s p e c i f i e d  t h e  relative concentrations of HzO above t h e  cloud 
l aye r  as 3 x 10- for  a pressure of P = 600 mb and as f o r  P = 90 mb. Thus, 
within the  scope of t h e  simple-reflection msddel, t h e  upper limit derived by 
Spinrad conf l i c t s  with Strong's r e su l t s .  

It i s  unclear whether t h i s  discrepancy a l so  applies t o  t h e  scattering-
atmosphere model. Spinrad's estimate i s  based on the l i n e s  of t h e  band h 8200 1. 
Taking an equivalent width of 0.01 A as t h e  upper limit i n  t h e  case of Spinradts 
study, eq. (3.27) w i l l  y i e ld  

-1 so t h a tAccording t o  Kaplan e t  a l .  (Ref.91) f o r  t hese  l i n e s  s = 1 cm-I 9 s-~ ,  
t h e  absolute volume concentration o f  HzO i s  below 4 X 10-l' gm cm and the  
r e l a t i v e  concentration, below 3 * 

Strong's measurements were not cal ibrated i n  equivalent widths. The present 
wr i t e r ,  by extrapolating the  Bottema growth curves (Ref.276), attempted t o  per
form such a ca l ib ra t ion  and obtained the  mean band absorption R =  0.02 - 0.05, 
whence 

The i n t e n s i t y  of H 2 0  l i n e s  Zarie? i n  a comple? manner along the band. Assuming, 
on the  average, = 2 X 10- cm- (cm atm)- ,we have the  r e l a t i v e  concentra
t i o n  

CH,O =7 . 10-710 3 ,t 10-6,  
(3 58) 

which i s  much lower than f o r  t h e  simple-reflection m o d e l .  

c) Other atmospheric gases. The photochemical reaction 
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must lead t o  t h e  formation of formaldehyde HCHO i n  the  Venusian atmosphere 
(Ref.279), but apparently t h e  Ha0 concentration i s  too low t o  produce amounts of 
formaldehyde s u f f i c i e n t l y ' l a r g e  t o  be detected by methods of absorption spectro
scopy. From spectra in the  photographic ultraviolet,Wildt(Ref .279)derived an up
per l i m i t  of 3 m - a t m  (equivalent path with consideration of t h e  a i r  mass; 
simple-reflection model). In the  emission spectrum of t h e  night par t  of t h e  & 
disk, N.A.Kozyrev detected bands which he iden t i f i ed  with HCHO (Ref.280), but no 

"3 54 
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""" Near surface. 


quant i ta t ive  estimates a re  available.  Moreover, it must be noted t h a t  t h e  spec
tra of the  night s ide  of Venus a r e  generally distinguished by t h e i r  poor repro
ducib i l i ty .  N.A.Kozyrev systematically photographed spectra  of t h e  night s ide  
of Venus near i n f e r i o r  conjunction and found tha t ,  a s  a rule ,  the  appearance of 
these spectra changed greatly from one conjunction t o  t h e  other.  The r a t i o  of 
day brightness t o  night brightness was about 10 . Hence, scat tered l i g h t  from 
the  br ight  crescent i s  a hazardous source of every possible  kind of errors ,  in
cluding spurious l i nes .  

The various r e s u l t s  on t h e  chemical composition of t h e  Venusian atmosphere 
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are  integrated i n  Tables 54 and 55. Table 54 presents  information on t h e  identi
f i e d  molecules, and Table 55 gives data  on t h e  upper limits o f t h e  content of 
ce r t a in  unidentified molecules t h a t  are of i n t e r e s t  as  possible consti tuents of 
t h e  atmosphere or of t h e  cloud layer .  In  ce r t a in  cases, t he  upper limits given 
are subs t an t i a l ly  lower than those found by Kuiper (Ref.4) 

UPPER LIMIT OF THE CONTENT OF CERTAIN MO1;ECuLEs 
I N  THE VENJSIAN ATMOSPHEFG@' 

I Reduced 
t ~ d 7hicknesa i nI b i v a l e n t  ~ p ~ ~ Laboratory 1 Reference TerrestrialMolecule 1 Path. i Region, p Pressure Atmosphere.cnantn 

. .. I I -I I I cm-at, . 
I I I I I 

, q ~1 0 5  0.5 ? 
lk 2.26 atm 
c) 	 2.3 11 m m  
2 2.23  67 m m  
2 2.3.; atm 
d 2.22 atm 
2 2.33  70 m m  

'' Simple-reflection model, corrected f o r  a i r  mass; 

i s  tood)  C-mic_alCopposition o f  cloud layer. The p a r t i a l  pressure P H ~ ~  
l o w  fgr  saturat ion t o  be reached a t  t h e  temperature of t h e  cloud l aye r  ( T Z  
X 2X) K; cf. Sect.3.7). A t  T = 2S0K, t h e  saturated vapor pressure 5.2 4 x 
x loe2 mb (cf. Table &), whereas observations y i e ld  P H ~ ?= 1 .5  x 10- mb (cf.  
Table 54). In t h e  model with simple r e f l ec t ion  the  p a r t i a l  pressure of H2O i s  
higher, but t h i s  model i s  known t o  be incorrect.  

A t  such a p a r t i a l  pressure, s a tu ra t ion  i s  reached near T % 18O'K. This 
temperature i s  too l a w  f o r  t h e  cloud l aye r  of Venus. I n  October 1964, Bottem, 
Strong, and Zander (Ref.281, 282) recorded t h e  spectrum of Venus i n  t h e  region
1.7 - 3.4 p with balloon-borne instruments. They i d e n t i f i e d  t h e  bands a t  h = 2 
and h = 2.7 p with thg absorption bands of ice ,  but considering the low resolving 
power they used (800 A) there  e x i s t s  t he  danger t h a t  t h i s  coincidence w a s  for tui
tous:  Strong bands of C 0 2  exist exactly a t  these wavelengths. Other authors 
(Ref.281) introduced corrections f o r  C 0 2  and H2O absorption and, as a r e su l t ,  
obtained a good f i t  between t h e  r e f l e c t i v i t y  curves of Venus and i c e  clouds, but 
t h e  v a l i d i t y  of t h i s  correct ion i s  a l s o  open t o  doubt. I n  one way o r  another, 
one of t h e  two findings of Strong's team i s  erroneous; e i t h e r  t h e  magnitude of 
HzO absorption i s  greater  o r  t h e  clouds do not consist  of i c e  c rys t a l s .  

Earth-based observations a l s o  conf l i c t  with t h e  ice-crystal  hypothesis. 
Spectra recorded f r o m t h e  earth 's  surface are d i s to r t ed  by t h e  suqerposition of 
t e l l u r i c  H20 bands, but t h e i r  resolut ion i s  much higher (10 - 15 A). The i c e  /25k
bands are sh i f t ed  approximately 1000 A with respect t o  t h e  posi t ion of water 
vapor bands. Such spectra, f o r  example, would d i s t i n c t l y  show t h e  bands h 1.5 
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and 2.0 IJ. i f  these  had been present. However, no t r a c e s  of such bands have been 
detected (Ref.15, 235) Already several  years ago (see Fig.98) Sinton (Ref.255) 
proposed t h e  hypothesis of ice-crystal  clouds t o  account f o r  t h e  low r e f l e c t i v i t y  
a t  h 3.5 tL, but t h e  absence of bands a t  h 1.5 and 2.0 IJ. i n  spectra recorded from 
t h e  ear th  has so far remained a convincing counterargument. It would be highly 
important i n  solving t h i s  problem t o  record spectra with a higher resolut ion by 
means of balloon-borne apparatus. 

Lyot (Ref.242) assumed t h a t  t h e  Visual polar izat ion curve of Venus i s  a 
weighty argument i n  favor of water clouds. The po la r i za t ion  of infrared radia
t ion,  as pointed out above, does not f i t  t h e  hypothesis of water-droplet clouds 
(Ref.2!,.3). It i s  unclear whether t h e  spectrum of radio r ad ia t ion  of Venus in 
t he  millimeter-wave range can be matched with clouds consis t ing of i c e  c rys t a l s  
or water droplets.  Some authors answer t h i s  question i n  t h e  negative (Ref.233) 
and others,  i n  t h e  affirmative (Ref.234, 285). 

A number of other hypotheses has been proposed concerning the  chemical 
nature of t h e  clouds: 

1) COZ; recent ly  t h i s  hypothesis was  supported by Mintz (Ref.165) who claims 
t h a t  adiabat ic  cooling of COZ during v e r t i c a l  updraf ts  may lead t o  Eondensation 
of C02. To achieve t h i s ,  however, t he  temperature must drop t o  170 K. If t h e  
temperature of t h e  upper l aye r  of cloud would a c t u a l l y  be t h a t  low, t h e  amount 
of HzO would have been much less than found by Strong and Dollfus.  

2) C302 - carbon suboxide. This hypothesis w a s  first formulated by Kuiper 
(Ref.243) r e fe r r ing  t o  an unpublished study by Grot and Hartek. Carbon suboxide 
must form as a r e s u l t  of t h e  photochemical react ion 

2co + co2+ hv -> c,o, -+ 0,; (3.59) 

C302 polymerizes and forms a yellowish powder ( C S O Z ) ~ .  The react ion i s  inde
pendent of tempera-ture and thus t h i s  hypothesis explains, as it were, why polar
i z a t i o n  i s  the  same a t  d i f f e ren t  points of  t h e  disk and why t h e  polar izat ion 
curve of Venus i s  s table ,  recurring from year t o  year. Sinton and Strong (Ref.25) 
discovered absorption i n  t h e  s p e c t r a l  region hh 8-13 IJ. which may be ascribed t o  
(C302),, . Nevertheless, other spectroscopic findings conf l i c t  with t h i s  hypothe-

/255sis. The monomer C302 disp&ays very strong absorption bands i n  t h e  region 
Ah 2-2.5 p and near h 3350 A. 1.N.Glushneva (Ref.234) obtained t h e  spectrum i n  
t h e  u l t r av io l e t  region near t h e  transmission boundary of t h e  ear th?? atmosphere. 
This spectrum showed no sharp increase i n  absorption beyond h 3350 A. Fromthe 
h 2.25 IJ. band we  estimated (Table 55) t h e  upper limit ( C 3 0 2 ) n  content as 2 cm 

a t m ,  which cogresponds t o  a r e l a t i v e  concentration of and a p a r t i a l  pres
sure oof 3 X 10- mb, whereas the  saturated vapor pressure of (3302 i s  about 60 mb 
a t  -50 C and 1mb a t  -lOO°C. Thus, t h e  ( C S O Z ) ~  hypothesis seems qu i t e  improb
able. 

3) Hydrocarbons. This h othesis,  proposed by Hoyle and prompted b cosmo
genic considerations (Ref .  222;y"w a s  recent ly  supported by Kaplan (Ref. 2367. It 
i s  unlikely, however, t h a t  an atmosphere r i c h  i n  hydrocarbons should lack such 
molecules as CH+, CzH2, C z h ,  and other  elementary hydrocarbon molecules. Never
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theless, the spectroscopic upper limit for these molecules is extremely l o w  (cf.
Table 5’5). The cloud layer itself should consist of more complex compounds with 
a sufficiently l o w  saturated vapor pressure, but complex hydrocarbons also dis
play strong absorption bands in the region h < 2.5 CL (Ref.14). Kaplan assumes 
tha; hydrocarbons are a definite factor in the greenhouse effect. Still, the 
700 K surface temperature presupposed by the greenhouse effect must be accom

panied by cracking reactions resulting in the release of elementary hydrocarbon

compounds. Thus,the hydrocarbon hypothesis also contains contradictions, but 

there is as yet no reason to reject it conclusively. 


4) Mineral dust. All preceding hypotheses were predicated on the condensa

tion of clouds from some gaseous constituent of the atmosphere. This satis

factorily explains the continuous and stable nature of the cloud mantle. The 

mineral dust hypothesis abandons this convenient explanation. To assume that 

the clouds consist of mineral dust means postulating for Venus some highly stable 

yet turbulent system of circulation which maintains the atmosphere in an extreme

ly dust-ladeg state up to the higher altitudes. Opinions of this kini have been 

advanced by Opik [aeolosphere hypothesis; cf. (Ref.bl)l, but neither Opik nor 

any one else has ever constructed a detailed picture of circulation in such an 

atmosphere. 


It must be stated that, at present, we have no satisfactory hypothesis on 

the nature of Venusian clouds. Most likely, these clouds represent a condensate. 

The theory of ice-crystal clouds is very attractive but not all observational 
data support it. The hypothesis of solid carbon dioxide can be completely dis-

/256 
carded, and the hydrocarbon and ( C ~ 0 2 ) ~hypotheses are not too plausible. 


e) Chemical interaction between atmosphere and-the .surface. The high tem
perature (aboutwK)hat apparently exists at the surface of Venus (cf. Sect. 
3.8) w i l l  of necessity influence the chemical composition of the atmosphere. In 
particular, it is not precluded that the high temperature has to do with the 
relatively large amount of GO2 in the atmosphere of Venus, which is substantially
higher than the already abundant amount of carbon dioxide on the earth and on 
&rs. Urey (Ref.287, 288) suggested that the amount of C02 on a planet with 
liquid water on its surface is governed by the reaction between carbonates and 
silicates (Urey equilibrium): 

JlgC03 + SiOa 2JIKSiO, +COz,  
m a g n e s i t e  q u a r t z  e n s t a t i t e  

CaCO, + SiO? g CaSi03 4-CO,. 
c a l c i t e  q u a r t z  w o l l a s t o n i t e  

The liquid water in this reaction plays the role of a catalyst accelerating the 
course of the reaction from right to left. The large amount of GO2 in the atmo
sphere of Venus initially seemed to be a consequence of a disturbance in the Urey

equilibrium due to either the absence of liquid water on the surface or, con

versely, to the presence of an ocean covering the entire surface and thus pre

venting the interaction between atmosphere and surface. At a temperature of 
700°K, the presence of an ocean is out of the question so that only the former 
possibility remains. Adamchik and Draper (Ref.289) calculated the velocities of 
reactions (3.60) and (3.61) for various temperatures in the absence of HaO. They 
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supplemented the  react ions (3.60) and (3.61) by a t h i r d  r eac t ion  t h a t  should be 
s ign i f i can t  when O2 i s  t o t a l l y  o r  almost t o t a l l y  absent from t h e  atmosphere: 

1FeC03 + -1 SiOnf -2 FeaSiOa +CO,.2 

The dependence of t h e  equilibrium pressure of CO2 on temperature, calculated by 
others  (Ref.289), i s  shown i n  Fig.ll8. For T = 700°K, t h e  p a r t i a l  pressure of 
C02 i s  excessively high; i t  even exceeds the  estimates of t o t a l  pressure (P < 
C 10 a t m ;  c f .  Sect.3.9). Thus, t h e  Urey equilibrium i s  upset i n  t h e  Venusian 
atmosphere, but i n  a completely d i f f e r e n t  direct ion:  The CO2 pressure i s  lower 
than given by t h e  reactions (3.60) - (3.62). Apparently, carbonates are chemi
c a l l y  unstable on the  surface of Venus and t h e  e n t i r e  o d d i z e d  carbon i s  present 
i n  t h e  atmosphere. U l e r  (Ref.290) independently calculated t h e  r a t e s  of t h e  
processes (3.60) and (3.61) as w e l l  as of c e r t a i n  other similar reactions and, 
i n  pa r t i cu la r ,  /257 

These l a s t  reactions give a lower equilibrium pressure of C02. An appreciable 
pressure (Pco2 M 1.5  a t m )  i s  implied by t h e  react ion of t h e  thermal decomposi
t ion  of magnesite 

LIgCO, 2 MgO + co,. (3.65) 

M a l e r  a l s o  presented weighty arguments against  t h e  p o s s i b i l i t y  of t h e  presence 
of l a rge  amgunts of hydrocarbons i n  t h e  atmosphere of Venus a t  a surface tempera
t u r e  of 700 K. Such temperatures already a r e  accompanied by r a the r  rapid reac
t i o n s  of hydrocarbon cracking. 

Section 3.7 TelZlperatures of Xencs Determined frog EWLssion i n  t h e  

a )  Ecuilibrium temperature. owing t o  i t s  high albedo, Venus receives only 
about half  as much energy as t h e  earth, despi te  t h e  f a c t  t h a t  it i s  closer  t o  
t h e  sun. By v i r t u e  of eq.(1.36) t h e  effect ive equilibrium temperature of t h e  
planet i s  

( fo r  Ai = 0.73 f 0.07). Equation (1.36) presupposes the  same e f f ec t ive  tempera
t u r e  a t  every point on the  planet and, as  we W i l l  see below, t h i s  is t r u e  i n  
first approdmation. The indeterminacy of t h e  specif ied integral albedo probably 



w c o 2  ' ' Regulus i s  

I { - - - -kT - G.8& 0.2 km (3.56)'W 

-2 while t h e  logarithmic gradient of t h e  sca l e  /258'I3 

height i s-4 

- 6 1  / -1 d l I-= 0.010 & 0.002. 
(3.57)-8 lf dt 

I I I I I I , I 
3U0 500 700 7;V 

D .Ya.Martynov and M.M.Posperge1i.s (Ref. 2%) de-
Fig.118 Temperature De- rived H = 6 km from t h e  same observations (prob
pendence of COa Pressure ab le  e r ro r  not specified).  Let us use t h e  es
i n  the Presence of Urey timate (3.56). Assuming t h a t  nitrogen i s  the 
Equilibrium (Ref. 289). pr inc ipa l  atmospheric consti tuent,  we have a t  t h e  
Upper curve: react ion l e v e l  of t h e  occul ta t ion 
(3.62); middle curve, re
ac t ion  (3.61); lower 2' = 300 ,IG O K .  (3.66) 
curve, react ion (3.60) 

The accelerat ion due t o  gravi ty  i s  here taken as 
860 cm-' sec-2. The calculated temperature 

r e fe r s  t o  t h e  upper l aye r s  of t he  atmosphere; t h e  densi ty  the re  i s  t h e  same as 
a t  an a l t i t u d e  of 90 km above the e a r t h t s  surface. Equation (3.57) y i e lds  

The increase i n  temperature with a l t i t u d e  may mean t h a t  t h e  l e v e l  of occul ta t ion 
i s  located above t h e  mesopause, with the  l a t t e r  probably coinciding with the  dis
sociat ion region of COZ. I n  Section 3.5 it was  shown t h a t  t h e  dissociat ion re
gion i s  located 1 5  - x) km below t h e  l e v e l  of t h e  occultation. 

c) Brightness and color temperatures determined f r o m  infrared radiation. 
The i n t e n s i t i e s  of t h e  natural thermal and r e f l ec t ed  radiat ions of Venus become 
comparable near 4 p (cf. Fig.20). In t h e  region h > 5 p, ref lected r ad ia t ion  can 
be v i r t u a l l y  disregarded. Cn the night s ide  of t h e  planet  thermal r ad ia t ion  can 
a l s o  be measured a t  sho r t e r  wavelengths. 

If t h e  e f f ec t ive  temperature of radiat ion i s  close t o  21+0°K, t h e  peak i n  
t h e  spec t r a l  energy d i s t r i b u t i o n  must be near h 1 2  p i n  accordance with Wients 
law.  Hence, i f  t h e  emission coeff ic ient  i s  close t o  unity, t h e  brightness tem
perature measured according t o  emission i n  t h e  8 - 13 p transparency window 
should be close t o  equilibrium temperature, which indeed i s  t rue.  

x)9 



The brightness temperature of Venus was measured in the 8 - 13 p Window by
Pettit and Nicholson as far back as in the 1923s (Ref.125); they obtained TB = 
= &O°K in the central part of the disk, %.e., a temperature exactly coinciding
with the equilibrium temperature. The indeterminacy of this figure is 1 - 2%. 
Sinton and Strong (Ref.25, 127) confirmed the findings of Pettit and Nicholson. 
Their observations partly pertained to a more narrow band (M M 1.5 p, near 
h 11.9 p).  In addition to photometric observations, they also made spectral ob
servations (with a resolution of about 0.1 p).  Pettit and Nicholson worked with 
a 2.5-m reflector, while Sinton and Strong worked with the 2.5-m and 5-m re- 1259
flectors of Mount Wilson and Mount Palomar Observatories. 


TmLE 56 


INFRARED BRIGHTNESS TENPF,R.ATLJFZOF KENUS 

P e t t i t  and Nicholson  (Ref.297) . . . . S--13 35:) 
P e t t i t  and Nicholson  (Ref.298) . . . . 8-13 '137 
P e t t i t  and Nicholson  (Ref.125) . . . . s-I2 "C I 
S i n t o n  and S t r o n g  (Refs .127 ,25) .  . . . 8-12 "3.1 
S i n t o n  (Ref .256)  . . * . . . . . . . 3.75 837 
Chase,  Kapl an and Neugebauer (Ref. 293 8.4 g 10.4 2/10 
Murray, Wildey and Westphal (Ref. 294) 8-13 215 * 
Murray, Wildey and Westphal (Ref.295) 215 

i5 With correction published in (Ref.296) 

During the Venus flyby of '!Mariner 1I"the radiation intensity of Venus in 
bands approximately 1 I-1 wide, centered at h 8.4 and h 10.4 p, was measured with 
an onboard infrared photometer. These measurements, for both wavelengths, 
yielded 

but the probable error (&lo%) is markedly higher than for earth-based observa

tions (Ref.293). 


An appreciably lower temperature was recently derived by Murray, Wildey, 
and Westphal (Ref.294, 295) [see also the correction in (Ref.296)I: TB = 215'K 
correct to within -5%. The above authors (Refs.294, 295) mentioned that their 
values of TB may be underestimated owing to indeterminacy of the assumed trans

mittance of the telescope optics. If, on the other hand, the brightness tempera

ture is indeed 215'K then the integral albedo of Venus must be increased to ap
proximately 0.80 - 0.85. Measurements of the brightness temperature of Venus 
are collated in Table 56. 


Sinton obtained TB = 237'K near h 3.75 p with the aid of a spectrometer 
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(Ref .%O).  Thus the  color temperature i n  the  Ah 4-10 P range nearly equals t he  
brightness temperature. In  t h e  �4 - 13 I.L range, t h e  same equal i ty  i s  observed 
(Ref.32).  It follows from t h i s  t h a t  t h e  emission coeff ic ient  6 i n  t h e  region 
h M 3.5 p i s  close t o  unity and t h e  brightness temperatures are close t o  t h e  /260
k ine t i c  temperature of t h e  emitt ing medium. I n  the  i n t e r v a l  hh 3-4 t h e  close
ness of 6 t o  unity i s  d i r e c t l y  implied by t h e  low albedo (cf. Fig.98). 

A l l  above observations ind ica t e  a nearly i d e n t i c a l  brightness temperature 
on the day and night s ides  and the  existence of a d i s t i n c t  limb darkening. The 
best  s p a t i a l  resolut ion was  achieved by Murray, Wildey, and Westphal, namely
-l/4O of t h e  diameter near i n f e r i o r  conjunction. A l l  other observations (in
cluding observations from Mariner 11)were carr ied out with a resolut ion no bet
t e r  than 1/10, The record-breaking s p a t i a l  resolut ion i n  t h e  s tud ie s  by Murray 
and coworkers was accomplished by using a sensor with increased s e n s i t i v i t y  
(mercury-doped germanium cooled with l i q u i d  hydrogen) ; i n  a l l  other observations, 
thermal sensors were used. 

Figure 119 presents t h e  isophots or, more exactly, t he  isotherms of Venus 
with a high s p a t i a l  resolving power obtained by Murray, Wildey, and Westphal i n  
1962 and 1964. The pa t t e rn  of t he  isotherms changes g rea t ly  i n  t h e  course of a 
day. The temperature m a x i m u m  o f t en  s h i f t s  i n  the  d i r ec t ion  of t h e  a n t i s o l a r  
point w i t h  respect t o  t h e  center of t he  disk.  The 1962 isotherms were appreci
ably compressed i n  - apparently - t h e  d i r ec t ion  of t h e  equator. If t h i s  i s  t rue,  
then t h e  pa t t e rn  of t h i s  compression can be regarded as a proof o f  l o w  inclina
t i o n  of t h e  equator. I n  t h e  isotherms of 1964 t h i s  compression i s  less evident, 
and on some days (April 14, near quadrature) it i s  completely absent. A possible 
reason f o r  t h i s  difference may be the  f a c t  t h a t  t h e  1962 observations pertained 
t o  t h e  sunrise s i d e  whereas those i n  1964 referred t o  t h e  sunset side.  Isolated 
l o c a l  anomalies, some of them displaying a s t ab le  nature, a l s o  a r e  observed. 
Thus, on December 15, 1962 a d i s t i n c t  l o c a l  maxim w a s  observed near t h e  South 
Pole. The isotherms of 1964 a r e  g rea t ly  extended i n  d i r ec t ion  of t h e  South Pole. 

The extent of limb darkening, determined by various observers, i s  roughly 
the  same and may be expressed as 

or 


where I i s  t h e  brightness integrated over a l l  wavelengths; P i s  t h e  cosine of t h e  
angle between t h e  normal t o  t h e  planet surface and t h e  d i r ec t ion  of observation. 
Suppose t h e  source of emission i n  t h e  h 8-13 P region i s  t h e  atmosphere. Le t  us 
proceed from t h e  premise t h a t  t h e  absorption coeff ic ient  in t h i s  spec t r a l  region 
i s  much higher than ihe sca t t e r ing  coefficient. For pure absorption (k/o -t my /261 
a + 0), t h e  t ransport  equation i s  

CII" 
p ~ dr, = I ,  -J ,  ( T ) ,  (3.71) 



1 +1 


where J v ( T )  = -[ Iy(p)dp i s  t h e  mean in t ens i ty ;  IVi s  t h e  in t ens i ty  a t  t h e  
-1 

op t i ca l  depth T.  I n  t h e  presence of l o c a l  thermodynamic equilibrium JV B v ,  
where Bv i s  the  Planck function. For outgoing rad ia t ion  t h e  solut ion of 
eq.(3.71) i s  represented by the  f'unction 

or ,  assuming t h a t  kv = const (gray atmosphere), 

(3.73) 

Within a l imited range of values of T and T we may put 

B c0J r a ,  (3.74) 

i n  which case eq.(3.73) y ie lds  

I (vu)= Iop". 

A comparison of eqs.(3.70) and (3.75) y i e lds  

u = 0.5. 

If t h e  mass absorption coeff ic ient  M. i s  independent of pressure and tempera
ture ,  then 

where p i s  the  density;  H i s  t h e  scale  height;  P i s  t h e  pressure;  mH i s  the  mass 
of hydrogen atom; IJ. i s  the  mean molecular weight. Assuming a l i n e a r  dependence 
of temperature on a l t i t ude ,  eqs. (1.122), (3.70), (3.74), and (3.77) will give 

where 

whence 

Th i s  gradient (4 deg/km) must apply i n  the  region of T M 1. It i s  much smaller 
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Fig.119 Isophots of Thermal W s s i o n  of Venus according t o  Murray, Wildey, and Westphal 
(Ref .294, 295); 5-m Reflector of Mount Palomar Observahory.

P Circles indicate d.Qensions of t he  diaphragm and arrows give orientation t o  the  sun. The is+ 
L3 phots are given i n  K. The broken l i ne  or  the  heavy s o h d  l i n e  refer t o  the  terminator. 
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than the  adiabat ic  gradient 

If t h e  mass absorption coeff ic ient  i s  proport ional  t o  the  pressure, as i s  
the  case i n  the  l i n e  Wings, then 

which i s  much c loser  t o  t h e  adiabat ic  gradient. 

Such an in t e rp re t a t ion  of t h e  observed limb darkening i s  possible only on 

condition tha t  -k 9 1. Moreover, t h i s  presupposes an absorption independent of 
0 

wavelength and a l so  the  boundary conditions 

B i O ,  T - 0  at z+O, 

a s  wel l  as the  approxination B(7)  - T 
a ,which i s  of  an empirical nature. 

I n  the  presence of r ad ia t ive  equilibrium it would be more correct  t o  use, 
f o r  example, Eddingtonfs approxbmtion 

Pollack and Sagan (Ref. 299) employed t h i s  approximation, put t ing 

where u w  i s  the  mean coef f ic ien t  of absorption i n  the  range 8 - 13 p; HR i s  the  
mean coeff ic ient  of absor t i o n  according t o  Rosseland [cf.  f o r  example (Ref.300)]. 
On subs t i tu t ing  eqs (3.797 arid (3.80) i n t o  ego(3.72) , they obtained 

where 
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It w a s  assumed t h a t  Bw- T6 within the temperature range i n  question. The ob
servations ac tua l ly  encompass the  i n t e r v a l  of 0.5 < p < 1. Within t h i s  in te rva l ,  
eq.(3.81) can be roughly represented by eq.(3.70) i f  f = 2.25. Thus i n  t h e  re
gion > 14 p, t h e  transparency and hence a l so  the brightness temperature of 
Venus must be grea te r  than i n  the region 8 - 13 p, i f  t h e  assumption of t h e  ab.., 
sence of sca t te r ing  (or a 4 0 )  i s  correct.  

If, along with absorption, sca t te r ing  a l so  i s  a major f ac to r  (a # 0), then 
the  t ransport  equation, according t o  some other authors [e.g. (Ref. 55) 1, w i l l  
have the  form 

where N (cos y )  i s  t h e  sca t te r ing  ind ica t r ix  (1.73). For a = 0, eq.b.82) i s  
transformed i n t o  eq. (3.71). The emission coeff ic ient  i s  

E = 'I -11, (p;, 

where As(p) i s  the plane-layer albedo. For the  ind ica t r ix  1+ H I  cos Y we have 
from eq. (1.117) 

A close angular dependence was experimentally established elsewhere (Ref ,302) . 
I n  i so t ropic  sca t te r ing  w 1  = 0, a pa t te rn  of limb darkening close t o  t h e  observed 
value i s  obtained i f  we assume a = 0.85 (Ref.301). When N 1  = 1 ( i n d i c a t r h  1 + 

+ cos y) the  paktern wil l  fit i f  a = 0.80 (Fig.120). For more extended indica
t r i c e s ,  t he  value of a w i l l  be s t i l l  lower. 

Pollack and Sagan considered a cloud layer  with sca t te r ing  and absorption 
i n  the  presence of a temperature gradient fromtwo premises: convective equi
l ibrium and rad ia t ive  equilibrium. The pa t te rn  of limb darkening in the  presence 
of high albedos d i f f e r s  l i t t l e  from eq.(3.83) whereas f o r  l o w  albedos it asymp
t o t i c a l l y  approaches eq. (3.8l). The r e s u l t s  of calculat ions by Pollack and 
Sagan a r e  presented i n  Fig.121. Here, curve a corresponds t o  a model with pure 
absorption presupposing B VJ T a ,  while curve b corresponds t o  eq. (3.81) and 
curves c and d t o  combined models f o r  a = 0.8 and 0.99. 

A t  a = 0.8, p = 1, ~1 = 0, eq.b.83) y ie lds  E = 0.7, whence the  tempera
t u r e  of t he  cloud layer ,  t o  an isothermal approxination, will be 

If t h i s  were t rue,  t h e  brightness temperature i n  t h e  region of Xh 3-4 
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(where E i s  higher) would be close t o  255'K and t h e  intensity would g rea t ly  ex
ceed t h e  observed in t ens i ty ,  which means t h a t  t h e  isothermal layer hypothesis 
cannot be valid.  Apparently, t h e  approach of a 0 i n  t h e  region hh 8-13 P cor
responds t o  r e a l i t y .  

Fig.120 Limb Darkening of Venus i n  t h e  Region 8 - 13 1-1. 
Circles,  t r i ang le s ,  etc.  r e f e r  t o  observations by Murray 
e t  a l .  (Ref.294), while t h e  l i n e s  represent t h e o r e t i c a l  
curves f o r  an isothermal s ca t t e r ing  cloud layer with a 
specified albedo of t h e  uni tary s c a t t e r i n g  process 
(a - i so t rop ic  scat ter ing;  b - i n d i c a t r i x  1+ cos y). 

Unfortunately, t h e  observable range of P i s  too narrow t o  warrant a sub
s t an t i a t ed  choice between t h e  various theo r i e s  as t o  t h e  nature of t h e  observed 
limb darkening, on t h e  bas i s  of t h e  pa t t e rn .o f  I(p) alone. The range of P could 
be broadened by photometry of t h e  Venus disk a t  c lose distance, but t h i s  would 
require  a much g rea t e r  resolving power than w a s  ava i l ab le  f o r  t h e  experiment car
r i e d  out with Mariner 11. A t  any rate ,  t h e  estimates of t h e  temperature gradi
ent (3.78) and (3.78a) can be taken as the upper limit. If sca t t e r ing  i s  taken 
i n t o  account, t h i s  could only reduce, but not increase, these estimates. 

The foregoing i s  based on t h e  assumption t h a t  t h e  atmosphere i s  t h e  source 
of infrared radiat ion.  This hypothesis w a s  adopted on t h e  generally i n t u i t i v e  
grounds t h a t  t h e  surface i s  shrouded by clouds i n  t h e  v i s i b l e  portion of t h e  
spectrum. I n  t h i s  connection, a purely sca t t e r ing  atmosphere t h a t  i s  o p t i c a l l y  
thick i n  the  region h 0.5 P my be o p t i c a l l y  t h i n  near 10 P. However, other tem
peratures ( ro t a t iona l  temperature and t h e  temperature determined from radio emis
sion) are known and these, judging from t h e  t o t a l i t y  of data, pe r t a in  t o  deeper-
ly ing  levels .  Undoubtedly, r ad ia t ion  i n  t h e  region hh 8-13 P originates  a t  a 
ccnsiderable height above t h e  surface. 

The theory of limb darkening implies t h a t  t he  albedo of t h e  un i t a ry  scat
t e r i n g  event i s  0 < a < 0.8. Most l i ke ly ,  it i s  closer  t o  t h e  lower than t o  t h e  
upper limit. The strong absorption i n  t h e  infrared region i s  d i r e c t l y  v i s i b l e  
i n  the region A 3-4 V, where t h e  albedo does not exceed 10% and t h e  parameter 

2nr 
a 5 0.8 f o r  an i n d i c a t r i x  -A = 20 and a ,5 0.5 fo r  a n  i n d i c a t r i x  1+ cos y o  
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Fig.12L Theoretical  Curves of t h e  Limb Darkening 
of Venus (Ref.299). 

a - Pure-scattering model, T = 0 f o r  a = 0; 
b - Same, T # 0 f o r  a = 0; c - Radiation with scat
t e r i n g  for a = 0.8; d - Same, fo r  a = 0.99. 

These estimates of t he  albedo however, point t o  a major discrepancy between 
our own observations (Ref.236j and those by Sinton (Ref.256) We specif ied A M

/268 
= 0.01whereas Sinton gave A M  0.15. The reasons fo r  t h i s  discrepancy a r e  un
clear ,  pa r t i cu la r ly  i f  it i s  considered tha t ,  f o r  &rs, both authors obtained 
similar findings within t h i s  range. I f  A = 0.01 then a = 0.2 even f o r  elongated 
sca t te r ing  ind ica t r ices .  A t  such an albedo of t h e  uni ta ry  sca t te r ing  event, t h e  
atmosphere can be considered a s  purely absorbing. The equal i ty  of t h e  bright
ness temperatures a t  h 3.75 p and h 10 p ind ica tes  t h a t  absorption i n  these  wave
lengths i s  of a comparable extent.  The strong absorption in the  inf ra red  spec
trum region, along wLth pure sca t t e r ing  i n  the  v i s i b l e  region, i s  a major argu
ment i n  favor of t h e  greenhouse model of t h e  atmosphere, which w i l l  be examined 
below. 

The spectrum of Venus i n  the  Ah 8-13 p region, observed with t h e  5-m re
f l e c t o r  by Sinton and Strong (Fig.122), shows no d e t a i l s  except a depression a t  
A 11.2 P which, as has been assumed, may per ta in  t o  C302 (cf.  Sect.3.6). It ap
pears t h a t  no substance i n  t h e  gas phase i s  capable of giving a continuous ab
sorpt ion spectrum over such a wide in te rva l .  It may t u r n  out t h a t  t h e  resolving 
power w a s  i n su f f i c i en t  t o  de tec t  d e t a i l s  and t h a t  ac tua l ly  the re  e x i s t s  a spe
c i f i c  f ine  s t ruc ture ,  but this i s  r a the r  doubtful. Most l ike ly ,  t h e  absorption 
i s  due t o  a substance i n  t h e  so l id  phase such a s  p a r t i c l e s  of t h e  cloud layer.  
It i s  not precluded, of course, t h a t  i n  t h e  deep-seated layers  of t h e  atmosphere 
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the same radiation-absorbing substance exists in the gas phase. 


One of the two channels (h 10.4 p)  of the infrared photometer on board the 
Mariner I1 spacecraft was focused in wavelength on the absorption band C02 
(0001 - 1000; cf. Table 2 )  and the other, outside the COZ absorption bands. Ob
servations revealed no differences in the brightness measured in both channels. 
In the spectrum obtained by Sinton and Strong (cf. Fig.122) this band also is 
absent. 

Fig.122 Spectrum of Venus (Solid Line) and Moon (Broken 
Line) in the Region 8 - 13 P; 5-m Reflector, Mount 
Palomar Observatory, Diffraction Spectrometer (Ref. 25). 

The isothermal scattering layer, in View of the higher emission coeffi- /269
cient compared with a continuous spectrum, should give emission in spectral lines, 
while the atmosphere with a temperature gradient but without scattering should 
give absorption. The absence of the h 10.4 CL band may mean that the temperature
gradient compensates for the scattering effect, but this question has not been 

quantitatively investigated. 


The relative intensities of unsaturated rota

tional

d) Rotational temperature
lines of linear molecules in the direct-reflection model are determined 


from eqs.(1.17) and (1.18). In the model of the scattering atmosphere the square 

law 


obviously must apply in lieu of eq. (1.18). Substituting in eq. (1.17) the molecu
lar constants of CO2 we obtain, for the first model, 

and, for the second model, 


where W(K) is the equivalent width of the line with the rotational quantum 
number K; T, is the rotational temperature. In both cases, the atmosphere is as
sumed to be isothermal. 
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TABLE 57 1270 
ROTATIONAL T E " T U R E  OF VENUS 

A u t h o r  1 Band 
.-

I 
Adel 
(Ref .  3031 '7S20A co1I 
Dunhan 

Chamber1 a i n  '7820 A and 
and  K u i p e r  lsES9 A 
( R e f . 2 4 8 ) '  1 

C h a m b e r l a i n  is689 
( R e f .  251)
from m a t e r i a l  
o f  ( R e f .  248) 

0 1 8 ~ 8 9A 


a ISGS9 A 

)) 

S p i n r a d  IsBS9A
7S20 A

( R e f .  3R) 

a 7620 A 
Kapl  an 
(Ref .  286)  7S20 A,

u n i t a r y  
s p  ec t rum 

Model 1 Method 

Direct 
. e f l e c t i o n  

D 

S c a t t e r i n g
a t m o s p h e r e  

a 

P 


a 

D i r e c t  
r e f l e c t i o n  

D 


S c a t t e r i n g  
a tmo s p h e r e  
D i r e c t  

r e f l e c t i o n  

;om number o f  m o s t  
r n t e n s e  l i n e  

Q 
From a l l  l i n e s  

eq. ( 3 . 9 4 )  

a 

rom a l l  l i n e s  o n  
assuming an 
a d i a b a t i c  g r a d i  en1 

[eq. ( 3 . 9 5 ) l  

h e  same, on 
a s s u m i n g  a 
g r a d i e n t  o f  0.3:  
o f  t h e  a d i a b a t i c  

rom a l l  l i n e s  
[eq. ( 3 . 9 3 ) l  

)) 

D 


'rom number o f  mos' 
i n t e n s e  l i n e  

'rom d i s t a n c e  
be tween maxima o f  
R and P 

>) 

)) 

' e m p e r a t u r e ,  OK 

20 ( u n i t a r y  
s p e c t r u m )  

300+50 
2 5 5 5 9  

2 0 l j l O  

27259 

253i9 


3 1 7 2 1 4  

From 214  t o  44: 
o n  v a r i o u s  d a y s  

From 1 4 2  t o  433  
o n  v a r i o u s  d a y s  

Two maxima, 325 
and  700°K 

!50i50 ( u n i t a r y  
s p e c t r u m )  

Mo 
( R e f .  246) 1.61; 1.G4 r e f l e c t i o n  
S i n  t o n  
( R e f .  304) u 
rvloroz )) 

( R e f .  246) 

ro  z 1.22; 1.54 Direct 

'' The Zotational temperature -for t he  band 8689 (T = 286 f* 13 K) i s  given erroneously; f o r  corrected value see l i n e  
below. 

For a semi-infinite sca t te r ing  atmosphere with a temperature gradient, 
Chanberlain ( R e f ,  251) found 

where 

while M i s  the  ro t a t iona l  quantum number of t he  most intense l i n e  i n  the  band; 
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b i s  t h e  gradient of t he  sca le  height (assuming t h a t  T v3 P cn T ). The quan
t i t y  

where TK and T M  a r e  the  lleffectivefl temperatures corresponding t o  t h e  l i n e s  with 
the  ro t a t iona l  numbers K and M. Equation (3.87) was derived on condition t h a t  

0 	AK 1, i.e., on t h e  assumption t h a t  t h e  r e l a t i v e  var ia t ion  in temperature i n  
the  region of band formation i s  l imited.  If t h e  gradient i s  l e s s  than or equal 
t o  the  adiabat ic  (b O.3), t h e  temperatures T, and T M ,  calculated from 
eqs.(3.86) and (3.87) a l so  will not d i f f e r  much (Table 57). q u a t i o n  (3.87) 
gives laver  temperatures than eq. (3.86) while eq. (3.85) gives higher tempera
tures ,  but i n  e i t h e r  case the  deviation normally does not exceed 10%. 

I n  Sections 3.3 and 3.4 it  w a s  shown t h a t  t h e  cloud l aye r  of Venus has a /271
f i n i t e  op t i ca l  thickness and t h a t  GOz bands form throughout t h i s  layer ,  begin

1
I 

203' ' ' 1 1 1 1 

U 7 2 3 0 5 SP,:*. a b  

Fig.123 Correlation between 
Rotational Temperature and 
Pressure Measured from Lines 
of t he  h 7820 1 Band. 
The s t r a igh t  diagonal was 
p lo t ted  by the  method of 
l e a s t  squares (Ref .38). 

ning a t  i t s  base. Equation (3.92), and along 
with it e q ~ ~ ( 3 . 8 6 )and (3.87), then s t i l l  apply 
i f  t h e  r e l a t i v e  va r i a t ion  i n  temperature within 
t h e  confines of t h e  layer  i s  small. The rota
t i o n a l  temperature, l i k e  the  pressure calcu
l a t ed  from l i n e  widths, i s  an averaged charac
t e r i s t i c  of t h e  cloud layer.  It would be logi
c a l  t o  r e f e r  both of these  charac te r i s t ics  t o  
t h e  same l e v e l  i n  t h e  atmosphere, but t h i s  ques
t i o n  requires  fu r the r  invest igat ion.  

If t h e  individual  ro t a t iona l  l i n e s  a r e  not 
resolved b u t t h e  overa l l  band contour i s  re
corded with a su f f i c i en t  accuracy, such t h a t  
the  R-and P-branches a r e  c l e a r l y  discernible  
(see, e.g. F'ig.l06), it i s  possible t o  estimate 
the  ro t a t iona l  temperature as a function of t h e  
dis tance between t h e i r  ma- with the  a id  of 
eq.(l.l9). By determining the  number of t he  
most in tense  l i n e  f romthe  allowed bands, t h e  
ro t a t iona l  temperature can be estimated %y 
eye . 

Rotational temperatures were ch ief ly  determined from t h e  COz bands h 7820 
and 8689 1. This method of estimating the  temperature of t h e  Venusian atmosphere 
w a s  first proposed by Adel (Ref.303). Chamberlain and Kuiper (Ref.,&�?) modified 
it f o r  t he  case of a sca t te r ing  atmosphere. The ro t a t iona l  temperatures dis
play considerable f luctuat ions from day t o  day, cor re la t ing  wi th  var ia t ions  i n  
pressure and l i n e  i n t e n s i t y  (Fig.123). There i s  no systematic phase dependence. 
Table 57 presents t he  f igures  on measurements of ro t a t iona l  temperature by vari
ous authors. 

The mean ro t a t iona l  temperature of t h e  bands h 7820 and A 8689 may be taken 
as 
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i n  the  scattering-atmosphere model. Table 58 presents Spinrad*s r e s u l t s  on vari
a t ions  i n  ro t a t iona l  temperature and pressure, as based on an analysis  of 10 
spectrograms obtained i n  the  1939s by Adams and D u n h a m  with the  25O-cm r e f l ec to r  
a t  a dispers ion from 2.8 t o  5.6 A/". The or ien ta t ion  of t he  slit with respect 
t o  t h e  disk w a s  not given. It i s  e s s e n t i a l  t ha t ,  on some days, t he  ro t a t iona l  /272 
temperature increases  above 4 0 0 O K .  Spinrad (Ref .38) and Kaplan (Ref. 286) adhere 
t o  the  opinion t h a t  on these  days t h e  cloud layer  i s  most transparent so t h a t  
one can look through t o  t h e  subjacent atmosphere. Fromthe Viewpoint of a scat
t e r i n g  atmosphere, t he  reverse a l so  seems possible, namely t h a t  t he  clouds be
come th icker  exact ly  a t  t h i s  time and t h a t  t h e i r  lower boundary dips  i n t o  denser 
and hot te r  gas. A t  any ra te ,  t he  occasionally observable high ro t a t iona l  te
peratures a r e  a weighty argument i n  favor of t h e  hypotheses postulat ing an ele
vated temperature of t he  planetary surface (cf.  Sect.3.8) 

TABLE 58 

ROTATIONAL TEMmTURES Am PRESSURES DETEFLMDED FROM THE 
LINES OF THE 7829 A BAND ( W . 3 8 )  

~-

p r e s s u r e  (a tm)  i n  t h e  

P l a t e  ' h a e e  o f  

T ,O F  I D i r e c t - R e f l e c t i o n  Model 

Venu 8 Direct I M u l t i p l e  
R e f l e c t i o n  I S c a t t e r i n g  1 1 IC=?!? 1 Ii=33 

01723  .51" 
17/15 I 5  
:;02s 6 7 
1 7 . 3  71 
17.X 74 
3292 7ii  
2310 91 
2.207 91 

'IS9 112 
492 113 -

Mean 29Gj25 I 2.1 1 3 . 4 - I'

+c 	 Mean pressure f o r  the  first two rows i s  2.8 atm. In  t h e  

model with multiple scat ter ing,  t h i s  decreases by a fac tor  
o f & [ c f .  eq.(3.15)3, i.e., t o  1.6 atm. 

e)  Vibrational tem~era ture .  On comparing the  r a t i o  of t h e  observed inten
s i t i e s  of-%ot'TT-.to normal C02 bands i n  the  spectrum of Venus and t h e i r  laboratory 
counterparts, it becomes possible t o  estimate t h e  v ibra t iona l  temperature on as
suming t h a t  the  population of t h e  ground l e v e l  of t h e  hot band i s  proportional 
t o  t h e  Boltzmann f ac to r  /273

I;' _ _  
N,>vl,e i:I'. 
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If, f o r  a given p a i r  of bands (one of which i s  hot),  t he  laboratory measurements 
give a population r a t i o  of slab whereas observations of Venus give wp, then the  
Venusian v ibra t iona l  temperature w i l l  be 

where T lab  i s  t h e  laboratory temperature. Here, it must be considered t h a t  on 
Venus the  equivalent width i s  W 03 f o r  a l l  bands consis t ing of non-overlap
ping l i nes ,  whereas i n  the  l a b o r a t o r y t h i s  appl ies  only t o  saturated l ines .  The 
r a t i o  of t h e  equivalent widths of t h e  bands h 1.220 IJ. (0203 - 0000) and h 1.229 p 
(03l3 - 01’0) i s  2.7, whence cyp M 2.72 = 7.3. 

I I I ,  / I 

I
i 

Fig.124 Radio Emission Spectrum of Venus. 

In  the laboratory spectrum obtained by Kuiper (Ref.243) a t  a pressure of 
5 atm, the  hot band i s  unsaturated and the  normal band l i e s . o n  the  intermediate 
segment of t h e  growth curve. h r  estimate shows a l a b  M 7 f o r  these bands so tha t  

Kuiper himself emphasized t h a t ,  f o r  t h e  h 1.229 CL band, TP i s  de f in i t e ly  higher 
than T l a b .  The discrepancy i s  a t t r i bu tab le  t o  h i s  f a i l u r e  t o  allow f o r  t he  d i f 
ference i n  growth curves f o r  t h e  Venusian and laboratory spectra.  

Section 3.8 Radio M s s i o n  of Venus 

a )  Spectrum of radio emission. Radio emission of Venus w a s  first observed 
by 	Mayer, McCullough, and Sloanaker (Ref.130) i n  1956 a t  the  9.530-mc frequency 
(h  3.15 em) with the  a id  of t he  15-m precis ion r e f l e c t o r  of t he  US Naval Research 
Laboratory. They discovered t h a t  t h e  flux of radio emission from Venus i s  unex
pectedly large.  The mean brightness temperature calculated from eqs. (1.40) and 
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TABLE 59 

MEAN BRIGHTNESS RADIO TEMPERATURFS OF VENUS NEAR 
INFERIOR CONJUNCTION% 

ir 
-

3 . 2  mm ",G2 
-3 . 2  

4 1961 

4 . 3  1961 

4 . 3  1962 
8 I9G2 
8.33 1962 
8 .5  19G2 

8.6 1959 
Y.6 IS62 
8.G 1902 
1. I S  cm 1962 
1.35 I S 8 2  
1.o IC%2 
2.07 1032 
3.15 1956 
3.15 19Gi 
3.37 1959 
3.75 19fi2 
9.4 1956 
9.G 19Gl  

10.0 19G2 

10.0 1962 
10.2 1959 
10.7 ,1962 
10.G 19GL 
11.3 1904 
12.5 1962 
13.0 1902 
18 1962 
21 1962 
''1 1962 
2.1 1962 
21 1965 
21.3 196% 
21.4 1962 
31 1964 
80 1902 
48 1984 
__  

. 

T o l b e r t  and  S t r a i t o n  [c f .  R e f . ( 3 0 R , h 3 3 1 ) 1  
F p s t e i n  ( c f .  Ref .31)  
K i s l y a k o v ,  Kuz'min and  Sa lomonovich  

( R e f .  308, 309)  

G r a n t ,  C o r b e t t  and  G i b s o n  ( R e f .  310) 


T o l b e r t  and S t r a i t o n  [cf.  Ref.  (3OR,&331)I  

Vetukhnovskaya ,  Kuz'min, e t  a l .  (Ref .  311) 

' I h o r n t o n  and  Welch ( R e f . 3 1 2 )  


L i n n ,  Mecks, and  S a h i g i a n  ( R e f .  313)  


Gibson ( R e f .  314) 

Copel  and and  T y l e r  (Ref .  315) 

T o l b e r t  and S t r a i t o n  r c f .  Ref.  3 0 8 , & 3 3 1 ) 1  


S t a e l i n ,  B a r r e t t ,  and K u s s e  ( R e f .  316) 


S i b s o n  and C o r b e t t  ( R e f .  317) 

Vetukhnovskaya ,  Kuz 'min ,  e t  a l .  ( R e f .  311) 

M c L l l o u g h  and B c l a n d  ( R e f .  318) 

Mayer,  McCullough, and S l o a n a k e r  ( R e f .  130)  

Mayer,  McCullough, and  S l o a n a k e r  (Ref .  319) 

Alsop,  C i o r h a i n e ,  e t  al. ( R e f . 3 2 0 )  

Hadd o c k  a n d  D i c k e l  [c f .  ( R e f .  3 3 8 ) l  


l a y e r ,  McCullougb, and  S l o a n a k e r  ( R e f .  130) 

B i b i n o v a ,  K i s l y a k o v ,  e t  al. (Ref .  322) 

Vetukhnovskaya ,  Ku z 'min ,  and Sa lomonovi  ch 


ccf .  (Ref .  31)1  
D r a k e  ( R e f .  323) 
Mayer,  McCullough, and S l o a n a k e r  (Ref .  324) 
C l a r k  and $ e n c e r  ( R e f .  325) 
Kuz'min and C l a r k  ( R e f .  223, 326)
K e l l e r m a n  ( R e f . 4 1 1 )  
S t e l ' z r i d  and S c h u s t e r  [c f .  ( R e f . 3 2 7 ) I  
B o i s c h o t  e t  a l .  (Ref .32R)  
C l a r k  and S p e n c e r  ( R e f . 3 2 5 )  
L i l l e y  (Ref .  329) 
B o i s c h o t  e t  a l .  (Ref .32R)  
C l a r k  and S p e n c e r  ( R e f . 3 2 5 )  
D a v i s  [cf.  ( R e f .  3 0 8 ) l  
K e l l e r m a n  (Ref .  411) 
Drake  (Ref .  323) 
K e l l e r m a n  ( R e f .  411)  
Drake  ( R e f .  323) 
P e l l e r m a n  ( R e f .  411) 

* The observatioml. findings of (Ref.332, 333) near h 1 cm 
a r e  separately given in Table 60. 

A,>, 
'\'r Only the i n t r i n s i c  accuracy of observation i s  given. 
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(1.32) proved t o  be 

T, = 595 & 55. IC, (3.89) 

which i s  subs t an t i a l ly  higher than the  temperatures determined from infrared 
emission. If t h e  surface of t h e  planet i s  t h e  source of t he  radio emission then 
the  brightness temperature should be independent of t h e  wavelength. Hence, on 
obtaining t h i s  result near the  i n f e r i o r  conjunction of 1956 a t  A 3 cm, Mayer e t  
a l .  (Ref.130) rapidly switched t o  another wavelength (9.4 cm); they found t h e  
temperature t o  be almost t h e  same 

T8 = 5805160”I<. (3.90) 

Mayer, McWlough, and Sloanaker theorized on t h i s  bas i s  t h a t  t h e  surface of 
Venus i s  heated t o  -600’K and hence i s  a waterless deser t  u n f i t  f o r  t h e  existence 

il”” 
I1 \ N o i s e  

k g e n e r a t o r  I 

Fig.125 Sample Traces of Transit of Venus 
across  t h e  Directional Diagram of t h e  22-m 
Paraboloid a t  the  Physics Ins t i t u t e ,  

Acadew of Sciences USSR. 
a - h 1.6 cm, Nov.5,1962; b - h 3.3 cm, 

Nov.18,1962 (Ref.3I-l). 

of l i f e .  T h i s  w a s  a r a the r  bold 
hypothesis, considering t h a t  
nothing of t h e  kind could be pre
dicted on t h e  bas i s  of previously 
avai lable  data:  Venus i s  very 
close t o  t h e  ear th  i n  diameter 
and mass and even receives less 
heat f r o m t h e  sun than does t h e  
earth. Astronomers working on 
Venus [cf. f o r  example (Ref.6, 
221, 222, 264, 306, 307)l had 
earlier believed t h a t  t h e  physi
c a l  conditions on i t s  surface re
semble the  t e r r e s t r i a l .  Natur
ally,  t h e  problem of radio emis
s ion of Venus aroused great  in
t e r e s t ,  and i n  subsequent years  
Venus was repeatedly observed a t  
t h e  radio astronomy observatories 
of various countries. Table 59 
and Fig.l2!+ present t h e  bright
ness temperatures measured near 
i n f e r i o r  conjunction a t  various 
wavelengths, from 3 rrun t o  48 cm. 
The accuracy of the measurements 
i s  l imited by s c a t t e r  of t h e  tes t  
points due t o  t h e  various signal
to-noise r a t i o s  as we l l  as by er
rors i n  t he  absolute instrument 
ca l ib ra t ion  and primarily i n  t h e  
determination of antenna para

meters. The e r ro r  i n  absolute ca l ib ra t ion  normally i s  10 - 23% and, i n  favor
able  cases, 5% although the  i n t r i n s i c  accuracy may be m c h  higher ( w i t h i n  1%). 
Figure 125b shows sample t r a c e s  of t h e  t rans i t  of Venus across the  d i r ec t iona l  /276
diagram, obtained a t  A 1.6 and 3 cm with t h e  22-m r e f l e c t o r  of t h e  Radio Astron
omy Stat ion of FIAN (Physics Insti tute,  Acad. Sci. USSR) i n  Serpukhovo (Ref.3ll). 
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steep slope, becoming abrupt in t he  
region AX l & l 5  mm. It would be 
extremely h p o r t a n t  t o  determine 
t h e  r e a l  shape of the  spectrum i n  
t h i s  t r ans i t i on  region. 

Attempts a t  solving t h i s  
problem were made during the  1964 
in fe r io r  conjunction by Stae l in  
and Barret t  (Ref ,330, 331) and 
Welch and Thornton (Ref ,332) 
S tae l in  and Barret t  observed Venus 
with a 5-channel receiver which es
sen t i a l ly  represented f ive  separate 



less than 25 Gc, S t a e l i n  and Barrett  found a higher temperature than t h e  mean, 
close t o  t h e  results of Welch and Barrett. If this coincidence i s  not random, 
t h e  spectrum o f t h e  radio emission of Venus near A 1 cm would be variable.  Fur
t h e r  observations i n  t h e  region A l cm are needed before any serious considera
t i o n  can be given t o  such a conclusion, So fa r  it s t i l l  i s  impossible t o  de
termine what exactly we a r e  dealing with i n  t h e  t r a n s i t i o n  region o f t h e  spec
trum - a sharp jump i n  TB,  a smooth va r i a t ion  with wavelength, o r  spec t r a l  com
ponents of a more complex shape. 

TABLE 60 

SPECTRUM OF 	 W I O  EMISSION OF VENUS I N  THE llTRANSITION~~ 
REGION [rsEAR h 1 em (REF.33O)l 

. -

L c m  Y .  Gi j y6 , O X  i Date iI Observer' 

J u l y  24 

J u l y  25 


J u l y  15 ,17 ,8 

* *  

. J u l y  2 6 , 3 1  
4 I  


J u l y  27 
**  

J u l y  30 
* I  


. I d y  1Q
** 

;Lily 20 

i$ WT - Welch and Thornton (Ref.332); SB - Stae l in  and 
Barrett  (Ref 431). 

%+ The observations.covered 13 days between June 5 and 
JUIJ 30. 

Of spec ia l  i n t e r e s t  i s  t h e  22.22-me frequency (1.35 cm) which i s  t h e  fre
quency of t h e  ro t a t iona l  resonance l i n e  of HzO. Gibson and Corbett (Ref.317) 
found TB = 5x) 3~ 40°K, which indicates  t h e  absence of any appreciable absorption. 
A similar finding w a s  made by Welch and Thornton (530 4 5 O K ) .  On t h e  other 
hand, S t ae l in  and Barrett (cf. Fig.126) found a d i s t i n c t  mini" of TB a t  t h e  
22.22-mc frequency. To resolve t h i s  contradiction, fu r the r  observations are /279
needed. Since t h e  spectrum may vary i n  t h e ,  a multichannel or  scanning radio
meter must be used f o r  such observations. 

b) Variations i n  intensi ty .  Near superior conjunction, t h e  number of ob
servations has been very small. A.Ye.Basharinov, Yu.N.Vetukhnovskaya, e t  a l .  
(Ref.333) found t h e  following value a t  h 8 mm near superior conjunction: 

Ts = 490" 5 50"I\ ,  

which i s  approximately 100°K higher than measured with the  same radiotelescope 
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a t  in fe r io r  conjunction (Ref .3ll). According t o  other authors ( R e f  .333) , t h e  
dependence of TE on the  phase cp a t  A 8 mm can be approximated by the  formula 

T, = 427" +- 4foC O S  (cp -cpo), (3.91) 

where cpo = 21° i s  t h e  angle of  l a g  ( the minimum sets i n  a f t e r  i n f e r i o r  conjunc
t ion) .  Earl ier ,  A.D.Kuz"in and A.Ye.Salomonovich (Ref.308), f o r  t h e  brightness 
temperature a t  h 8 m, gave t h e  formula TE = 387 + 375 k where k i s  t h e  illumin
ated par t  of t h e  disk, but t h i s  w a s  obtained f o r  k < 0.6 and, moreover, as 
pointed out elsewhere (Ref ,311) the  ca l ibra t ion  was i n su f f i c i en t ly  reliable. 
Copeland and Tyler (Ref.315) did not corroborate t h e  considerable phase e f f ec t  
found earlier (Ref.308). According t o  Copeland (Ref  .315), 

f o r  k < 0.172 which, within t h e  e r ro r  limits, does not contradict  Vasharinov e t  
a l .  (Ref .333). 

The phase e f f ec t  a t  h 4 mm a l s o  i s  unclear. A.G.Kislyakov, A.D.Kuz"in and 
A.Ye.Salomonodch (Ref.308, 309) reported t h a t  a t  h 4 m the  phase course i s  
close t o  t h a t  observed a t  X 8 m. Grant, Corbett, and Gibson found t h a t  t h e  
brightness temperature a t  4.3 mm i s  independent of phase (Ref.310). 

Extensive observational s e r i e s  over a broad range of phase angles were car
r ied out a t  A 3.15 (Ref.319) and h 10.0 cm (Ref.323). For t he  h 3.15 cm range, 
Mayer, Mc Cullough, and Sloanaker (Ref .  319) found 

Haddock and Dickel (Ref.485) obtained a similar curve a t  h 3.5 cm. A t  h 10.0 cm, 
Drake (Ref.323) observed 

A t  h 10 cm, several  points were obtained near superior conjunction and t h e  phase 
course w a s  derived without extrapolating. 

A.D.Kuz"in i n  h i s  observations made i n  1964. i n  t h e  United S ta tes  found no 
phase e f fec t  a t  A 10 cm (Ref.334). He a l s o  analmed the  observations of other  
authors and showed tha t  t h e  phase e f f ec t  found e a r l i e r  a t  h 3 and h 10 cm may be 
a consequence of a disregarded systematic e r ro r  ( r e l a t ion  of antenna parameters 
t o  zenith distance).  Thus, t h e  question of t h e  phase e f fec t  a t  centimeter /280
waves cannot be considered even qua l i ta t ive ly  solved. It i s  in t e re s t ing  t h a t  t h e  
displacement of t h e  of TE with respect t o  t h e  time of i n f e r i o r  conjunc
t i o n  (the minimum occurs a f te r  conjunction), according t o  American observations 
a t  A 3 and h 10 cm, i s  exactly as it should be fo r  retrograde rotat ion;  however, 
t h i s  may be a random coincidence. A . D . K u z " ~ ~  and A.Ye.Salomonovich, i n  t h e i r  
ear ly  observations a t  h 3 cm, found a shift i n  t h e  opposite direct ion,  pointing 
toward d i r e c t  ro t a t ion  (Ref.335) 
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A.D.Kuz fmin and A.Ye.Salomonovich (Ref.308) observed var ia t ions i n  TB a t  
A 10 cm from day t o  day, reaching several hundred degrees. This f a c t  was  con
sidered as a proof t h a t  t h e  radio emission, a t  least  a t  h 10 cm, does not or igi
nate.  a t  t h e  planetary surface. Other observers (Ref.323), however, found no 
var ia t ions a t  h 10 cm t h a t  could be considered real, and Kuz"in e t  a l .  (Ref.308) 
subsequently a l s o  did not confirm t h i s  finding. Most likely, t h e  var ia t ions ob
served by t h e  l a t t e r  (Ref.308) are due t o  instrument errors .  

/281 
'&"antenna 

Temp c 

antenna 

y sun s e n s o r  

Fig.127 Mariner I1 Interplanetary Spacecraft. 

c) Brightness d i s t r i b u t i o n  over t h e  disk.  A d i f f i c u l t  yet important problem 
i s  t h e  invest igat ion of t h e  d i s t r i b u t i o n  of brightness temperature over t h e  disk. 
Comparisons of brightness temperatures a t  i n f e r i o r  and superior conjunctions can 
be used only t o  d e t e r h e  t h e  difference i n  mean temperature on t h e  dark and 51
luminated hemispheres. However, t h e  brightness radio temperature may be a func
t i o n  of l a t i t u d e  and may a l s o  display a peculiar p a t t e r n  a t  t h e  limb, as i n  t h e  
case of t h e  in f r a red  brightness temperature. hs t ly ,  t h e  dimensions of t h e  emit
t i n g  regions, generally speaking, may exceed the  dimensions o f  t h e  disk. If 
t h i s  ac tua l ly  were t h e  case, we would have a d i r e c t  proof t h a t  t h e  source of 
emission i s  not t h e  surface of t h e  planet but t h e  upper l aye r s  of t h e  atmosphere. 
The radio brightness d i s t r i b u t i o n  over t h e  planet d i sk  can be obtained i n  earth-
based observations only i f  one uses a s ingle  extremely l a r g e  antenna o r  i n t e r 
ferometer. The same problem could be solved with t h e  a i d  of a small radiotele
scope mounted on a spacecraft  making a close flyby of t h e  planet. 

Mariner I1 (Fig.127) carried a 2-channel radiotelescope a t  A 1.35 and 
1.9 cmwith a paraboloid of a diameter of 48.5 cm. On December 14,1962, during 
t h e  closest  approach of t h e  spacecraft  t o  Venus, t h e  antenna scanned t h e  planet 
disk th ree  times: once on t h e  i l 1 u " t e d  hemisphere, once on t h e  dark hemi
sphere, and once across the  terminator. Figure 128 presents t h e  transmitted 
t r aces  (a) and t h e  posi t ion of each sect ion on t h e  planet disk (b). The authors 
of t h e  experiment [Barath, Barrett, Copeland, Jones, and Lilley (Ref 436)  1 pub
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l i shed  only t h e  peak values of brightness temperature corresponding t o  each sec
t i o n ,  These are given i n  Table 61. 

TABLF: 61  

PEAK TEMPERATURBS OF THREE RADIOMETRIC SECTIONS OF 
THE VENUS DISK, OBTAINED DURING FLIGHT OF 

MARINER I1 (m.336) 

I " 6 .  "g
Distance to Angular 

No. o f  Section Center o f  Extent o f  1, h f.9cm h 1.35 cm1 Venus, k m  1 Section 
..-

I I I I 
4GSOO IO" 480 393 
44300 I $ 1 25: 1 400 
42500 396 

A t  h 1.9 em, the  sect ions 1and 3 give a much lower peak brightness tempera
t u r e  than t h e  sect ion 2 and, moreover, t h e  peak brightness temperatures f o r  sec
t i o n s  1and 3 a r e  almost t h e  same. Thus, it can be s ta ted t h a t  a t  h 1.9 em 
a )  	limb darkening occurs; b)  t he  temperatures of t h e  dark and i l luminated s ide  
a r e  v i r t u a l l y  t h e  same. A t  A 1.35 cm, 1% darkening i s  absent but Barath e t  a l .  
(Ref.336) do not a t t ach  great  importance t o  t h i s ,  s ince t h e  precis ion of measure
ments a t  h 1.35 cm w a s  much lower than a t  h 1.9 cm (cf. Fig.128). The p r o b a b l e m  
e r ro r  i s  estimated as 5% f o r  t h e  channel a t  1.9 cm and as 25% f o r  t he  channel 
a t  h 1.35 cm. 

A t  present, t he re  e e s t s  no antenna with a d i r ec t iona l  diagram of a width 
smaller than the  angular dimensions of Venus (about 1' a t  i n f e r i o r  conjunction), 
but t h e  brightness d i s t r i b u t i o n  of t he  extended source influences t h e  shape of 
the t r a c e  even i n  cases where the  width of t h e  d i r e c t i o n a l  diagram i s  several  
times as l a rge  as the width of t h e  source. Naturally, t h e  t r a n s i t  of t h e  source 
across t h e  d i r ec t iona l  diagram must be recorded with high accuracy, and the  dia
gram i t s e l f  should be c l e a r l y  defined. ' Using t h i s  method, D.V.Korol*kov, Yu.N. 
Pariyskiy, G.M.Timofeyeva, and S.E.Khaykin (Ref  .33'7), i n  observations with t h e  
antenna of t h e  pulkovo Observatory during t h e  i n f e r i o r  conjunction of 1962, found 
t h a t  a t  h 3 cmthe  brightness temperature of Venus does not increase from center 
t o  limb ( i -e . ,  it e i t h e r  decreases or remains constant). These r e s u l t s  are i n  
qualitative agreement with t h e  data  acquired by Mariner 11. 

During t h e  same i n f e r i o r  conjunction, Clark and Spencer observed Venus a t  
h 9.5 cm with a variable-base two-mirror radio interferometer a t  Owens Valley 
(Fig.25) and came t o  a diametr ical ly  opposite conclusion: They found t h a t  t h e  
brightness temperature e i t h e r  increases  toward t h e  limb or  remains constant, but 
i n  t h e  l a t t e r  case t h e  dimensions of the r ad ia t ing  region must exceed t h e  dimen
sions of t h e  apparent disk i t s e l f  (Ref.325). However, t he  observations were 
l imited t o  a narrow range of va r i a t ion  of t h e  base and the  r e s u l t s  seems unre
l i ab le .  A t  any r a t e ,  similar observations made i n  1964 (during the  next conjunc
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Fig.128 

a - Telemetric s igna l  from radiometers a t  

h 1.35 mm and h 1.9 cm, received from 

&riner  I1 during approach t o  Venus. The 

abscissa gives the  time reckoning, each 

unit corresponding t o  an i n t e r v a l  of 

120.96 sec. The ordinate  gives the  signal 

magnitude. 

b - Trajectory of antenna beam in space.

Normal scanning r a t e  O.lz/sec, but switch

i ng  t o  !!rapid" r a t e  of 1/sec toward the  

end of the  second sweep; as a r e su l t ,  t he  

t h i r d  sweep did not extend past  t h e  disk 


(Ref.337) 

t i on )  with t h e  same interfero- & 
meter by KuzTmin and Clark did not 
confirm t h i s  finding. These ob
servat ions were car r ied  out  on t h e  
bas i s  of a more comprehensive pro
g r a m  and included polar iza t ion  
measurements o  

Kuz "in and Clark (Ref. 223, 
326) found tha t ,  along the  equator 
a t  i n f e r i o r  conjunction, limb 
darkening i s  e i t h e r  absent o r  ex
tremely small (< 2% a t  t h e  limb 
compared with t h e  center) ;  limb 
brightening along the  equator i s  
possible  and ex is t s ,  but i s  not un
ambiguously implied by t h e  observa
t ions.  A t o t a l l y  d i f f e ren t  bright
ness d i s t r ibu t ion  i s  obtained 
along the  cen t r a l  meridian: There, 
a d i s t i n c t  decrease i n  brightness 
temperature toward the  limb occurs. 
A t  t h e  poles, t he  temperature i s  
25 - 30%laver  than a t  t h e  anti-
so l a r  point (center of disk during 
i n f e r i o r  conjunction) . The posi
t i o n  of t h e  ttpole of cold'! estab
l i shed  from observations coincides 
within the  limits of e r ro r  with 
t h e  posi t ion of t h e  pole of rota
t i o n  found by radar sounding. A s  
f o r  t h e  radius of t h e  rad ia t ing  re
gion, t h i s  proved t o  be very close 
t o  t h e  op t i ca l  (0.7 f 0.9% smaller). 

A decrease in temperature at& 
the  poles on inc l ina t ion  of the ax is  
of ro t a t ion  t o  t h e  e c l i p t i c  would 
lead t o  periodic var ia t ions  i n  t h e  
mean brightness temperature from 
one i n f e r i o r  conjunction t o  an
other, but t h i s  i s  not observed. 
This circumstance was pointed out 
by Pollack and Sagan (Ref ,338) 
The i n v a r i a b i l i t y  of t h e  mean 
br ightness  temperature (a t  t h e  ob
served decrease i n  T g  a t  t h e  poles) 
gives t h e  upperolimit of t h e  in
c l ina t ion  s 8 . 

d)  Nature of radio emission. 



The nature of the observed radio emission spectrum has long been disputed and no 
comon consensus has as yet been achieved. Radio waves in the centimeter and 
decimeter ranges should freely pass through the atmosphere, provided that it is 
not greatly ionized. In the millimeter range, molecular absorption may occur. 
Thus, one of the possibilities is that the source of radio emission in the 
hh 1-5-21 cm range is a solid surface while that in the hh 0.4-1.5 cm would be 
a certain height in the atmosphere. The finding that the brightness temperature,
within the limits of accuracy of measurement, is virtually the same at any wave
length beginning with h 1.5 cm has a natural explanation when interpreted from 
the viewpoint of this hypothesis. Another problem is the possible cause of the 
heating of the surface. Two heating mechanisms have been suggested:

a) greenhouse effect LSagan, cf. (Refel)],

b) friction heating [Opik (Ref.41) 1 


Below we w i l l  discuss these mechanisms in detail. In principle, also the 
internal heat of the planet may play an appreciable role [A.D.Kuz"in (Ref.339)],
but this seems unlikely. At any rate, whatever the heating mechanism, the marked 
difference between radio temperatures means that the atmosphere must be highly 
opaque in the infrared region, roughly from 2 CL to 40 CL. This hypothesis also 
means (again irrespective of the heating mechanism) that the convection zone of 

the Venusian atmosphere lies at a much lower level than its terrestrial counter

part and that the pressure at the surface is much higher (cf. Sect.3.9). 


The hot-surface hypothesis paints a picture of rigorous, inhospitable physi
cal conditions on the surface of Venus, highly dissimilar to our terrestrial en
vironment. Many authors rejected this hypothesis and attempted to find other 
explanations for the radio emission of Venus. This inmediately encountered the 
obstacle that the radio emission spectrum of Venus is typically thermal. Hence,
nonthermal mechanisms such as magnetic bremsstrahlung of electrons of relati
vistic or  subrelativistic energies must be rejected. Scarf (Ref.340) suggested
plasma oscillations in the ionosphere as a possible source of this radio emis
sion, but such a process also cannot adequately account for the observed spectrum.
Jones (Ref.3l+l, 342) and later other authors considered thermal radio emission & 
of the ionosphere as a possible mechanism. We will emmine this mechanism in 
greater detail. 

e) The_iQno?pher.e model and its criucal evaluation. The absorption coef

ficient of electromagnetic radiation in plasma is 


(3.95) 


where ne is the electron density; w is the radiation frequency; V is the col
lision frequency; I.L is the magnetic permeability; E is the dielectric constant. 
If w B v ,  then the absorption coefficient is proportional to the square of the 
wavelength. In the upper atmosphere this condition is satisfied. Since v 03 ne,
the optical thickness of the ionosphere can then be written as 
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where c(T) is a weak temperature dependence. At T = 600°K, c(T) M 6 x 10-”?cm3. 
The brightness temperature TB is composed of the surface brightness temperature
reduced by absorption in the ionosphere and of the brightness temperature of the 
ionosphere itself 


where T B ~ 
is the surface temperature; T, is the ionosphere temperature. The TB 
of the ionosphere is Te(1- e-‘h). At TI 1 

while at TI 1 

The ionosphere hypothesis assumes that T ~1 at h ~ l . 5- 2 cm and that the 
surface radiates at shorter wavelengths while the ionosphere radiates at longer
wavelengths. This accounts for the relatively l o w  temperature in the region 
h 	> 1 .5  cm and the high temperature in the region h > 1.5 cm. Substituting TI = 
= 1 into eq.(3.96), we have 

and, assuming that the ionosphere is a homogeneous region of 5 X lo7 cm thick
ness, 

ne = f09ccm-3, (3.99) 

which is 1000 times as much as for the earth’s ionosphere. To produce such a 
high electron density, either the ionization source must be extremely powerful 
or the recombination coefficient in the atmosphere of Venus must be extremely
low [ (Ref.l), cf. also (Ref.342)I. 

This very serious obstacle is not the only one. As pointed out in Section 
3.2, within the range hh 12 cm to 7.8 m the radar reflection coefficient is vir
tually indegendent of the wavelength and is approximately 0.1 - 0.2. However, 
for ne = 10 cm-3 the critical frequency is 

which means that,in the range h i  10 - 100 cm, such an ionosphere can neither re
flect (i.e., h < her) nor transmit (since 7 9 1)radar signals. In the region 
h., M 100 cm, the reflection coefficient must increase sharply. Assuming that 
the ionosphere reflects everywhere in the region h > 10 cm, it would have a COP 
pletely improbable vertical structure that simultaneously satisfies two condi
tions: 



Condition (3.109) gives ne = for h,, = 10 cm, whence eq.(3.ll0)
would indicate an ionosphere thickness of 3 X lo3 cm. Assuming that the iono
sphere partially transmits radio waves (T ,< I), this will be in disagreement 
with the observed spectrum of radio emission (Te = const for h > 3 cm). 

Lastly, the ionosphere hypothesis assumes that T ~1 at h M 1.5 cm, whence 
it follows that the brightness temperature near this wavelength must increase 
toward the Limb. As pointed out above, observations with a high resolving power 
at h 1.9 and h 3 cm do not indicate such limb brightening. 

An interesting experiment was proposed by Kuz"in and Clark (Ref.223, 326)
in order to decide between the hot-surface hypothesis and the ionosphere hypothe
sis. It is known that, at oblique incidence, the coefficient of reflection from 
a smooth interface between two media with different refractive indexes depends 
on the polarization. Hence, by virtue of Kirchhoffts law, the thermal emission 
of a sphere whose surface represents such an interface must be partially polar
ized along the edges (Ref.341). Polarization is absent if the emission source 
is an amorphous medium lacking a distinct boundary - the ionosphere, the cloud 
layer, etc. 

The integral polarization averaged over the disk must then be extremely 
small. A resolving power sufficient for isolating the effect for different por
tions of the disk is required. This may be accomplished by mean6 of a variable-
base interferometer. During transit of a discrete source of radio emission /247
across the multilobe directional diagram of a two-aerial interferometer, a sine-
wave signal is recorded at the receiver output; the amplitude of this signal de
pends on the relation between angular diameter of the source and the base, with 
the length D of the base determining the angular width of the diagram lobes: 

MA ~ -.	h 
The dependence of the signal amplitude on the base length is termed

D 
the visibility function. If the Fresnel-Aragon laws of reflection are applicable 
at the disk limb, then, at a certain sufficient length of the base, the Visi
bility function FL in the polarization plane at right angles to the base must be 
greater than the Visibility function FIIin the polarization plane parallel to 
the base. If FL = FII,this w i l l  mean that the Fresnel polarization is zero and 
the emission source is an amorphous medium lacking a distinct boundary, 

Polarization observations with an interferometerwere carried out at a value 
of A 10.6 cm by Kuz~minand Clark during the above-mentioned studies (Ref.223,
326). They found that FL > Fll, as should be expected if the emitter is a hot 
surface. Figure la shows the difference FL - FII they plotted as a function of 
the effective base 
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where D is the base length; h is the wavelength; r9 is the ephemeridal angular
radius of Venus. The diagram also presents calculated values of this difference 
with respect to a number of values of the dielectric constant of the surface. 
The best fit between experinental and theoretical findings, as determined by the 
method of least squares, occurs when 

E = 2.2 5 0.2, 

which is somewhat laver than given by radar sounding data (cf. Sect.3.2). The 

asymmetry in the distribution of brightness temperature, as found in this experi

ment, should lead to a marked polarization of the integral emission. This does 

actually occur and the degree of polarization is p = (0.8 f 0.5)% according to 
Kuz"in and Clark (Ref.223, 326). Farlier, Seielstad et al. (Ref.345) found p = 
= (0.6 f l.l)% at the same wavelength. 

The dielectric constant (3.112) corresponds to an emissivity of 0.9ll f 
f 0.010. From this quantity, Kuzhin and Clark derived the true temperature 
averaged over the entire disk surface m 

-T = @is 65"l<. (3 105) 

The temperature at the equator is 680 - 7S°K and at the pole, 425 - 465OK, de
pending on which pattern of planet-wide surface temperature distribution is as

sumed. 
I

6-41 
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Fig.129 Results of Polarization Ob

servations of Venus with a Variable-

Base Interferometer: Difference be

tween Visibility Functions in Direc

tions Perpendicular and Parallel to 

the Interferometer Base (Ref.326) 


Recently, some authors attempted 

to revise the ionosphere model so 

that it would not contradict the 

radar signatures (Ref.346-351). Two 
hypotheses were proposed: the so-
called "sieve1!ionosphere (Ref-346 

to 350) and the "semitransparent

ionosphere (Ref.349-351). The llsieve 

ionosphere would consist of discrete 

clouds where ne lo9 - lo1' cm-3 
and the electron temperature T, 2 
2 1000°K. Radio emission is due to 
the combined emission of the surface 
through the gaps between the clouds 
and of the clouds themselves. Radar 
signals are reflected from a surface 
whose true reflection coefficient is 

higher than measured. 


The llsemitransparentI t  ionosphere
is located in the lower atmosphere 

where the collision frequency is so high that I- is independent of A in the region
h 2 2 cm, with the optical thickness being small there: I- @ 1. At shorter wave
lengths, the collision frequency becomes laver than the emission frequency and 
T decreases in inverse proportion to the square of the frequency. Radio emis
sion in the centimeter and decimeter wave ranges is the totality of the surface 

emission escaping through the ionosphere and of the ionosphere itself; in the 
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millimeter range, only t h e  surface emits - as i n  t h e  model of t he  s ieve iono- /28q
sphere. The low o p t i c a l  thickness ensures passage of radar s ignals  and t h e  con
d i t i o n  u) < v guarantees independence of t h e  brightness of t h e  ionosphere emis
s ion component of h ,  i n  t h e  centimeter and decimeter ranges. Such an unusual 
ionosphere must have a moderate e lectron density (n x lo7 ~ m - ~ )but i s  located 
a t  a very low a l t i t u d e :  t h e  pressure of t h e  neu t r a l  molecules i s  0.1 a t m .  The 
electron temperature mst be f a i r l y  high (T, M 1000'K). 

Both these  models do not formally contradict  e i t h e r  t h e  radar o r  t h e  polari
zat ion observations (polar izat ion i s  ascribed t o  t h e  surface component) but 
t h e i r  basic prenises seem highly a r t i f i c i a l .  The dense ionosphere clouds re
quired by the  s ieve model could be detected i n  radar experiments as regions i n  
which the re  i s  no r e f l ec t ion ,  by analogy with the  previous detect ion of clouds 
with higher r e f l ec t ion  coeff ic ients .  If t h e  dimensions of t h e  clouds were much 
smaller than the  radius of t h e  planet,  they should rapidly d i s in t eg ra t e  owing t o  
diffusion. A semitransparent ionosphere located i n  the  lower l aye r s  of t h e  at
mosphere would require  some unusual ionizat ion source, s ince the  u l t r a v i o l e t  and 
corpuscular r ad ia t ion  of t h e  sun does not penetrate i n t o  such dense layers.  V.M. 
Vakhnin and A.I.Lebedinskiy (Ref.351), as wel l  as Tolbert and S t r a i ton  (Ref.352) 
suggest e l e c t r i c  discharges i n  t h e  lower atmosphere as the  emission source but, 
as i s  readi ly  shown, t h e  attendant re lease of heat would have been incredibly 
large,  comparable with t h e  i n f l u x  of energy from the  sun. A.D.Kuz"in proposed 
the  hypothesis of a superhigh r ad ioac t iv i ty  on t h e  surface of Venus, maintaining 
t h e  required ion iza t ion  of t h e  lower atmosphere (Ref.350). However, i n  addi t ion 
t o  ionization, t h i s  would require  a mechanism ensuring a high electron tempera
ture.  

A correlat ion has been established between distance t o  Venus, measured by 
means of radar sounding a t  A 68 cm, and t h e  f l u x  of solar radio emission a t  
A 10.7 cm [Whipple, cf. (Ref.353)I and h 20 cm (Ref.34.8): A s  t he  so l a r  a c t i v i t y  
increases, t he  measured distance shrinks. T h i s  may be a t t r i b u t a b l e  t o  t h e  in
crease i n  ihe  dznsi ty  of t h e  ionosphere with increasing so la r  ac t iv i ty .  A value 
of ne < 10 cm- ( i n  t h e  normal ionosphere a t  v 9 w) would su f f i ce  f o r  an in t e r 
pretat ion of t h e  observed e f f e c t  [Muhlman (Ref.353)l. Thus, t he  above correla
t i o n  cannot be viewed as an argument i n  favor of t h e  ionosphere model. 

f )  The greenhouse model. T h i s  makes it c l ea r  t h a t  t h e  high brightness tem
perature of Venus i n  centimeter and decimeter waves cannot be a t t r i bu ted  t o  iono
spheric radio emission unless f a n t a s t i c  assumptions as  t o  properties of t h e  /290
ionosphere are made. On t h e  other hand, t h e  hot-surface hypothesis i s  supported 
by major observational proofs from o p t i c a l  astronomy (cf. Sect.3.7): 

1)The r o t a t i o n a l  temperatureg of weak CO2 bands sometimes are extremely 
high, as much as 400 - 450 C, and co r re l a t e  with t h e  width and t o t a l  
i n t e n s i t y  of t h e  bands. 

2) 	I n  t h e  region h > 2 p, and pa r t i cu la r ly  A > 3 CL, t h e  albedo of Venus 
decreases substant ia l ly .  If t h e  atmosphere of Venus absorbs t h e  
infrared r ad ia t ion  of t h e  sun then t h e  na tu ra l  radiat ion of t h e  planet 
a l s o  must be absorbed, and t h i s  mus t  lead t o  heating of t h e  surface. 

A s  pointed out above, two mechanisms have been proposed t o  account f o r  t h e  
high surface temperature: t h e  greenhouse model and t h e  aeolosphere model. First, 
t h e  greenhouse model presupposes a su f f i c i en t  transparency of t h e  Venusian cloud 
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l aye r  wi th  respect t o  so l a r  radiat ion,  desp i te  t h e  great  o p t i c a l  thickness of 
t h a t  layer ,  and the  absorption by the  planetary surface of t h e  rad ia t ion  passing 
through the  layer.  Note t h a t  i n  Sections 3.3 and 3.4 it was shown t h a t  t r u e  ab
sorpt ion i n  the  v i s i b l e  and near infrared regions i s  absent and t h a t  nearly a l l  
o f ’ t h e  rad ia t ion  t h a t  does not rebound i n t o  space reaches t h e  surface. Second, 
the  greenhouse model presupposes an extremely great  opacity of t h e  lower atmo
sphere with respect t o  t h e  na tura l  thermal rad ia t ion  of t h e  planet i n  t h e  region 
h 	> 2.5 p. This  assumption a l so  f i t s  t h e  observations, a s  we have seen. Ac
cording t o  t h e  greenhouse hypothesis, t he  small amount of sunl ight  absorbed by 
the  surface heats it t o  a temperature of 650 - 700’K owing t o  t h e  opacity of t h e  
atmosphere t o  inf ra red  radiation. 

Since GO2 cannot ensure the  necessary opacity over t h e  broad range from 2 
t o  40 p, it w a s  assumed i n  t h e  i n i t i a l  var ian t  of t h e  greenhouse model [Sagan 
(Ref.l)] t h a t  t h e  Venusian atmosphere contains a fairly l a r g e  amount o f  H2O 
(10 - 100 gm cm-” ) T h i s  would qu i t e  probably mean t h a t  t he  cloud layer  con
sists of water droplets  and i c e  crystals .  I n  Section 3.6, we saw t h a t  some spec
troscopic data  do not f i t  such a composition of t h e  clouds. I n  a l a t e r  study, 
Sagan (Ref.354) no longer in s i s t ed  on l a rge  amounts of H2O and, furthermore, 
pointed t o  t h e  well-known f a c t  t h a t  COZ absorption increases  a t  the  r e l a t ive ly  
high pressures assumed f o r  t he  surface. A small amount of H2O (e.g.,up t o  5 gm 

cm-“) a l s o  i s  not precluded and may even be an appreciable factor .  Sagan and 
Kellogg (Ref ,355) assumed t h a t  these const i tuents  d e f i n i t e l y  su f f i ce  t o  produce 
a strong greenhouse e f fec t .  However, t h e  t o t a l i t y  of present-day r e s u l t s  sug- /2ql 
ges ts  t h a t  t he  atmosphere of Venus contains some other const i tuents  which absorb 
inf ra red  rad ia t ion  and may a l s o  be responsible f o r  formation of t h e  cloud layer .  

The greenhouse modgl r e  u i r e s  transparency of t h e  cloud layer  with respect 
t o  v i s i b l e  radiation. Opik qRef.4.1) worked out t h e  so-called aeolosphere model 
of t h e  Venusian atmosphere, t o  which t h i s  requirement does not apply. Its basic  
idea i s  t h a t  a planetary system of strong Winds continually i s  ac t ive  in t he  
lower atmosphere, with t h e  atmosphere being extensively dust-laden. owing t o  t h e  
excessively low content of water vapors, t he  purifying e f f ec t  of moisture and 
r a i n f a l l  i s  absent f r o m t h i s  atmosphere. The dust  layer  i s  v i r t u a l l y  hpene
t r a b l e  t o  so l a r  rays and t o  t h e  na tura l  in f ra red  rad ia t ion  of t h e  surface.. Owing 
t o  t h i s  l a s t  factor ,  t h e  r e l a t ive ly  small amount of heat generated by f r i c t i o n  
suf f ices  t o  heat t h e  surface t o  a high temperature. The apparent top  of t h e  
clouds i s  simply the  surface of a perpetually turbulent dust  mantle. 

The aeolosphere hypothesis encounters two s ign i f i can t  objections: 1)It 
contradicts  t he  observed op t i ca l  propert ies  of t h e  clouds (as shown i n  Sect.3.4, 
absor t i o n  i n  clouds i n  t h e  v i s ib l e  and near in f ra red  regions i s  negl igibly 
smallP ; 2) so l a r  rad ia t ion  i n  t h i s  model i s  only an ind i r ec t  source of heating 
of t h e  surface ( i ts  r o l e  consis ts  i n  maintaining t h e  c i rcu la t ion)  i n  which case 
the  radio temperature should be t h e  same a t  every point on t h e  surface (Ref.@), 
which i s  not i n  agreement w i t h  observations. These objections appear su f f i c i en t  
t o  preclude the  aeolosphere hypothesis f rom fur ther  consideration. 

A.D.Kuz”in suggested (Ref.339) the  i n t e r n a l  heat of t h e  planet a s  the  
source of heating. He rejected the  greenhouse model on t h e  ground t h a t  t h e  at
mosphere has a grea t  o p t i c a l  thickness. However, he apparently disregarded t h e  
f a c t  t h a t  an op t i ca l ly  th i ck  atmosphere with conservative sca t te r ing  does not 
absorb radiat ion 
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It i s  pe r fec t ly  obvious t h a t  t h e  flux of i n t e r n a l  heat must be comparable 
with t h e  so l a r  heat input so  t h a t ,  f o r  a given surface temperature, t h e  atmo
sphere would display a t  least  t h e  same cha rac t e r i s t i c s  as i n  t h e  greenhouse 
model. If t h e  heat influx i s  smaller, then, a t  t h e  same surface temperature, 
t he re  must be e i t h e r  a lower r ad ia t ive  and turbulent heat conduction or  a greater  
thickness of t h e  atmosphere. Moreover, in t h e  presence of such high heat fluxes, 
t h e  temperature gradient below t h e  surface would reach a n  absolutely f a n t a s t i c  
magnitude. If, according t o  Kuz“in (Ref.339), t h e  internal heat flux i s  taken 
as 2 X c a l  cm-”sec-’ (20 times smaller than the  s o l a r  heat flux) and 
t h e  coeff ic ient  of heat conduction of t h e  _slurface layer i s  assumed as equal t o  

/zsz 
t h e  t e r r e s t r i a l ,  namely 6 x c a l  deg cm-2sec’-1, then we have a gradient 
of 3 X deg cm-’ o r  3000’ per kilometer. In  other words, a t  a depth of 
2 km below the  surface, t he  temperature of Venus must be equal t o  t h e  tempera
t u r e  of t h e  so l a r  photosphere. Obviously, such a model can a l s o  be precluded 
from consideration. 

I n  t h e  hot-surface hypothesis, t he  in t e rp re t a t ion  of t h e  decrease i n  in
t e n s i t y  i n  t h e  m w a v e  region in t he  spectrum of t h e  radio emission of Venus i s  
not d i r e c t l y  r e l a t ed  t o  t h e  surface heating mechanism. Such a decrease i n  in
t e n s i t y  can be explained only by t r u e  absorption i n  t h e  gaseous o r  aerosol  con
s t i t u e n t  of t h e  atmosphere. Scat ter ing the re  can influence t h e  spectrum only i n  
t h e  case of very l a r g e  pa r t i c l e s .  Barret t  and S tae l in  (Ref.327) found t h a t  t h i s  
requires p a r t i c l e s  of a diameter measuring f r ac t ions  of a millimeter. P a r t i c l e s  
of t h i s  s i z e  w i l l  rapidly deposit  on t h e  surface. 

I n  t h e  mill imeter range a t  high pressures (10 a t m ) ,  induced absorption of 
CO2 occurs. This p o s s i b i l i t y  was first considered by Barrett (Ref.356) and sub
sequently by c e r t a i n  other authors [ ( R e f  -357) , see a l s o  ( R e f  -327) 1. According 
t o  Barret t  and S t a e l i n  (Ref.327) f o r  an atmosphere consis t ing t o  10% of CO2 and 
t o  90% of N2, t h e  i n t e r p r e t a t i o n  of t h e  observed decrease requires  a pressure of 
a t  least  100 atm. A s  s h a m  i n  Section 3.4, t h e  r e l a t i v e  concentration of C02 i s  
subs t an t i a l ly  smaller (by a t  least  one order of mgnitude) and thus t h e  lower 
limit of pressure must be increased t o  300 a t m .  A s  we wi l l  demonstrate below, 
such high pressures a r e  e n t i r e l y  out of t h e  question f o r  t he  lower l aye r s  of t he  
Venusian atmosphere. 

The e f f ec t ive  cross sect ion f o r  absorption of p a r t i c l e s  extremely s m a l l  co
pared with t h e  wavelength, according t o  van de H u l s t  (Ref.52), i s  as follows: 

where k i s  t h e  absorption coeff ic ient ;  m i s  t h e  complex r e f r ac t ive  index; a i s  
t h e  p a r t i c l e  radius. If m does not markedly vary with t h e  wavelength, w e  have 

and t h e  va r i a t ion  i n  TB in the  t h e o r e t i c a l  spectrum W i l l  be too  smooth (Ref.326,
339). Polar l i q u i d s  (HzO, many organic compounds) exhibi t  a sharp va r i a t ion  i n  
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m i n  the  neighborhood of t h e  frequency 

where 7, i s  the  relaxat ion time of t h e  molecule. Here, 

s o  t h a t  the  steepness of the  spectrum i s  closer  t o  t h a t  observed. From t h e  cut
off  frequency v M 3 X 10 cps, we have 

This i s  roughly one order of magnitude higher than f o r  water. A.D.Kuz”in 
(Ref.339) 

T 1 r * ,  i I I , , i t ,  I 
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Fig.130 Theoretical Spectrum f o r  an A t 
mosphere Containing Water Vapor and 

Clouds 
The water content of t h e  cloud layer  i s  

-3 gm cm and P H ~ ~= 2.5 mb a t  the  
bottom boundary of t he  cloud layer.  
Thickness of t he  clouds, 6 km; tempera
t u r e  a t  :loud t o p ,  300’K; a t  cloud bot
tom, 270 K; surface temperature, 700’K; 
temperature gradient, 4.8 deg hi’. 
Brightness temperatures, calculated fo r  
two narrow zones of t he  planet surface 
(one p a r a l l e l  t o  t h e  e l e c t r i c  vector and 
t h e  other, t o  t h e  magnetic vector) 

(Ref.326) 

found t h a t  t h e  observed spectrum of 	radio emission i s  s a t i s f a c t o r i l y
explained by t h e  absorption by 
drople t s  of a polar  f l d d  i n  an 
amount of 0.2 - 0.3 gm cm-2 f o r  
7,  M 3.5 x lo-’” sec. 

In  a watery cloud, absorption 
by vapors i n  equilibrium with the  
l i qu id  ghase a t  the  temperature 
T = 270 K i n  t h e  millimeter range 
predominates over droplet  absorp
t ion.  Bar re t t  and Stae l in  calcu
l a t e d  the  e f f ec t  of absorption by. 
Ha0 drople t s  and vapors f o r  t he  
following model (Ref  -327) : surface 
temperature 7OO0K, temperature 
gradient 4.8 deg/km; cloud layer  
located between the  l eve l s  T = 
= 3OO’K and 270’K (and only 6 km 
th ick) ;  water conten2 of t h e  
clouds gm cm- ; vapor i n  
t h e  clouds i n  equilibrium with t h e  
l i qu id  phase ( p a r t i a l  pressure /2qL. 

= 25 mb a t  t h e  lower bound-P H ~ O  
ary)  ; r e l a t i v e  v e r t i c a l  concentra
t i o n  of H20 i n  t h e  space between 
t h e  bottom of t h e  clouds and t h e  
planet surface roughly constant. 
The surface pressures of 2, x>, and 
100 atm correspond t o  r e l a t i v e  con
centrat ions of 0.8, 0.3, and 0.08. 
Figure 130 presents the  results of 
t h e  calculations.  A rough agree
ment with observations i s  obtained 
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only f o r  t h e  surface pressure PI = 2 a tm.  The temperatures a t  millimeter waves 
a r e  too high f o r  a l l  t h ree  variants,  but t h e  f i t  may become b e t t e r  i f  the.  tem
perature of t h e  cloud bottoms were higher (Ref.283). Unfortunately, t h e  rela
t ive concentration of HzO required by t h i s  model greatly exceeds t h e  spectro
scopic estimates. 

Thus, it i s  as y e t  impossible t o  def ine t h e  pa r t i cu la r  molecule responsible 
for t r u e  absorption in t h e  mill imeter range, but some of i t s  propert ies  can be 
predicted. It i s  highly probable t h a t  we a r e  dealing here with droplets  of a 
polar  l i q u i d  of a re laxat ion time -5 X sec, but gaseous consti tuents a l s o  
may make a d e f i n i t e  contribution. Absorption by mineral dust, which i s  charac
t e r i zed  by t h e  dependence (3.107), i s  precluded. 

Section 3.9 Vert ical  In_ru.ctture -of t h e  Atmosphere 

Above, we  have considered estimates of t h e  chemical composition, temperature, 
and pressure i n  t h e  atmosphere of Venus, obtained by various methods. It i s  
l o g i c a l  t o  attempt t o  in t eg ra t e  these data i n t o  some model of t h e  atmosphere. 
No doubt such a model would be of an extremely tentative and sketchy nature. A t 
tempts i n  t h i s  d i r ec t ion  have been frequent and such models may be found, e.g. 
i n  t he  book by Kellogg and Sagan (Ref.1) which gives three models: greenhouse, 
aeolosphere, and ionosphere each of which i s  considered equally probable. Since 
then c e r t a i n  new observational r e s u l t s  have been obtained and we now have grounds 
f o r  s e l ec t ing  one of these models, namely t h e  greenhouse model, as a working 
hypothesis of g rea t e r  probabi l i ty  than a l l  t h e  others. However, even with t h i s  
hypothesis t h e  atmosphere model remains extremely tentat ive,  s ince t h e  absorbing 
agent has not been iden t i f i ed .  

a )  Str-re o f  an atmosphere of m-eat optical-thickness.  Let u s  assume a t  
t he  outset ,  as  we have done already with respect t o  t h e  Martian atmosphere, t h a t  
convection i s  absent and t h a t  t h e  heat t ransport  i s  due t o  radiation. Let us 

fu r the r  assume t h a t  -k 
% 1 f o r  thermal r ad ia t ion  everywhere i n  t h e  atmosphere

0 

and t h a t  s ca t t e r ing  can be disregarded, and a l s o  t h a t  t h e  absorption coeffi
cient k i s  independent of t h e  wavelength. Given these assumptions and t h e  bound
ary condition 

t h e  solut ion of t h e  t ransport  equation (3.79) f o r  a semi-infinite atmosphere i n  
Fkldingtonts approximation y i e lds  

where T, i s  t h e  e f f ec t ive  temperature, determined by t h e  r&io 
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with ITF being t h e  radiant  f l u x  and J ( T ) ,  t h e  i n t e n s i t y  averaged over a l l  direc
t i o n s  and equal t o  t h e  Planck function B(T) i n  t h e  presence of a l o c a l  thermo
dynamic equilibrium. The f l u x  i s  constant and directed upward, which means t h a t  
t he re  a r e  no energy sources i n  t h e  atmosphere. In t h e  greenhouse model, t h i s  
condition i s  s a t i s f i e d  since t h i s  model presupposes t h e  sca t t e r ing  of s o l a r  radi
a t i o n  without absorption. A portion A of t h e  so la r  r ad ia t ion  rebounds i n t o  
space and a port ion 1-A reaches t h e  surface and i s  absorbed by it. In t h i s  case, 

n F  = (1- A )  E,, 

where Eg i s  t h e  s o s r  constant a t  t h e  dis tance of Venus. A s  w a s  shown i n  Sec
t i o n  3.7, T, M 2?+0K, which s a t i s f a c t o r i l y  f i t s  t h e  in f r a red  brightness tempera
ture. 

For an atmosphere of f i n i t e  o p t i c a l  thickness [see, f o r  example (Ref.358)], 
a second boundary condition a t  t h e  lower edge applies:  

where TB i s  t h e  brightness temperature of t h e  surface. The t o t a l  f lux (Ref.55) 
i s  

(3.114) 

where En(x)  i s  the  integral  exponential function /296 

General physical considerations suggest t h a t  t h e  Eddington approximate solut ion 
obtained f o r  a semi-infinite atmosphere [eq. (3.U2)I w i l l ,  with adequate accu
racy, a l s o  apply t o  a f i n i t e  atmosphere of s u f f i c i e n t l y  l a r g e  o p t i c a l  thickness. 
The boundar condition (3.I-U) a l s o  i s  va l id  a t  7 = 0; t h e  second boundary condi
t i o n  (3.1137 remains t o  be added. To t h i s  end, we s u b s t i t u t e  eq0(3.112) i n t o  
eq.(3.13&) and equate, i n  t h i s  equation, t h e  surface f luxnF(T1)  with t h e  flux 
nF. W e  then have 

whence 



According to Section 3.8, for the unilluminated side of Venus we can assume 


T~ GOO" r i .  

On the illuminated side the temperature is apparently higher. Let us assume 

that 


-
1', = 650" IC (3.117) 

averaged over the disk and, furthermore, that the emission coefficient in the 
infrared region is the same as in the radio range ( 4 . 9 ) .  Then, 

TI = 70.  (3.118) 

A roughly similar optical thickness is shown in the range of 3 - 100 IL by a 1-mm 
thick layer of liquid water (Ref.359, 360). This does not mean that a cloud 
layer of HsO having a density of 0.1 gm cm-2 would suffice to account for the 

greenhouse effect. It is clear, however, that the necessary large optical thick

ness is not inadmissable. Osteriker (Ref.358) compared the solution (3.118)
with the exact solution of the problem for an atmosphere of finite thickness. 
The error in temperature decreases with increasing 71. At 7 1  = 50, this error 

ris at most 0.5%, if 7> 0.02. The Chandrasekhar method of successive approx
1 

imations (Ref.55) is highly accurate but in view of the schematic nature of the 
premises of our calculations, the solution (3.ll8) can be considered quite satis
factory. /297 

As T + 0,the temperature, according to eq.(3.U2), tends to the limit 

which is in excellent agreement with the estimate (3.66) of the temperature of 

the upper atmosphere of Venus, derived from observations of the occultation of 

Regulus. It follows that the upper layers of the Venusian atmosphere (T 5 1) 
exist in radiative equilibrium. 

At the interface of atmosphere and surface the temperature is 


We see that, at the very surface, the temperature dependence of T undergoes a 

discontinuity: the temperature of the lower boundary of the atmosphere is lower 

than the brightness temperature of the surface. A physical explanation for this 

discontinuity is the fact that the atmosphere is not a perfect black body. This 




discontinuity is also present in the exact solution. Its extent depends on T ~ .  

At T~ = 70, the discontinuity is 5%. The discontinuity between the true surface 
temperature and the temperature of the atmosphere is even greater. As a result, 
the narrow surface layer of the atmosphere (71 - 7 1) is the seat of a strong
superadiabatic temperature gradient which might be maintained by the ineffective
ness of convection in such a thin layer. 


Assume that the mass absorption coefficient u = -
P 

is independent of pres
sure and temperature: 

Differentiating eq. (3.1%) and substituting dT, we obtain 

Let us integrate this equation for the boundary conditions 


T - f T ,  af P+Pi ,  

T + T o  af P-+Po=O, 

The first integration within the limits from T to T1 yields L22 

and the second, from TO to TI, taking eqs.(3.119) and (3.120) into account, 

furnishes 


Taking into consideration the equation of hydrostatic equilibrium 


dP = -pgdz 

and of the ideal gas 


eq. (3.122) can be transformed into 



and from eqs.(3.123) - (3.125) we have 

Integrat ing eq. (3.126) with t h e  boundary condition z * 0 as T -t TI, we obtain 

where 

Figure 131 (curve a )  gives the  a l t i t u d e  dependence of temperature calculated from 
eq. (3.127) f o r  

L
I n  the  region of T > -,3 T > Te,  t h e  temperature va r i e s  with a l t i t u d e  almost 

l i n e a r l y  with a gradient of 7 deg/km f o r  T + 0, T(T)  + TO. Equation (3.126) irn
p l i e s  t h a t  t he  maximum of t he  absolute value of t he  r ad ia t ive  temperature gradi
ent i s  

The adiabat ic  gradient i s  /299 

C P
where Y = -. If Y > A,then the  adiabat ic  gradient i s  smaller than the  

cv 3 
r ad ia t ive  gradient and r ad ia t ive  equilibrium w i l l  e x i s t  i n  t h e  atmosphere. If 

Y < -,	4 we  are dealing with convective equilibrium. For diatomic molecules,
3 

Y = 1.4 and t h e  gradient i s  below t h e  adiabatic (cf. curves a and b i n  Fig.131). 
This conclusion presupposes, however, t h a t  t h e  mass absorption coeff ic ient  i s  
independent of pressure. Absorption in a gaseous medium normally i s  a function 
of pressure. Putting 



dT a s  i s  the  case i n  t h e  l i n e  wings, t h e  coeff ic ient  f o r  -dz i n  eq.(3.126) may de
crease t o  half .  Then, 

and t h e  r ad ia t ive  gradient 

w i l l  then a l s o  be twice as high. 
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w i l l  exceed t h e  adiabatic.  Exactly such a 
s i t u a t i o n  appears t o  exist i n  t h e  atmo
sphere of Venus. If N.  markedly increases 
with temperature, as occurs e.g+ f o r  t h e  
absorption coeff ic ient  of water vapor i n  
t h e  e a r t h t s  atmosphere owing t o  near-
saturat ion,  t h e  r ad ia t ive  gradient wil l  be
come even higher. 

I n  View of t h e  above, we must expect 

I n  principle,  it i s  not d i f f i c u l t  t o  solve t h e  same problem f o r  s e l ec t ive  
absorption i f  a spec i f i c  frequency dependence of t h e  absorption coefficient i s  
considered. In t h e  presence of sectors  i n  which kv and T V  a r e  much higher than 
i n  neiglhboring regions, radiat ive t ransport  occurs ch ie f ly  i n  these transparency 
windows. If t h e  mass absorption coeff ic ient  can be represented as the  product 



of  two functi.ons [see (Ref.361)1, 

12" =0 ( P ,  T)Y (Y, T ) ,  (3 1-32) 

then t h e  temperature gradient w i l l  be 

rl T F 

The quant i ty  i n  t h e  denominator i s  analogous t o  t h e  conventional coeff ic ient  of 
heat conduction. If we denote by 71 t h e  t o t a l  o p t i c a l  thickness of t h e  atmo
sphere derived f r o m t h e  assumption of gray absorption, then for se l ec t ive  absorp
t i o n  we have 7 1  < 71 i n  t h e  transparency windows and 71 > 71 between these f a
windows. For example, i f  we  put @ = 1and 

then r = 170 i n  t h e  region 1 > 2.5 P and r = 3.4 i n  t h e  region h < 2.5 P. 

G.M.Strelkov (Ref 4 6 2 )  worked t h i s  problem by assuming t h a t  t h e  t ransport  
takes  place i n  t h e  window 8-13 P (transparency window of water vapor; t h e  
windows hh 3-4 P and hh 2-2.5 P were not considered). He addi t ional ly  assumed 
t h a t  t h e  atmosphere i s  bounded upward by t h e  cloud l aye r  considered as a perfect  
black body of a specified temperature T. A t  T = 300°K, we then have t h e  follow
ing  op t i ca l  thickness i n  the  window hh 8-13 1-1 

T I  ;=S. (3 134) 

The o p t i c a l  thickness outside t h i s  window w a s  not calculated, but of necessity
it must be very large.  The estimate (3.134) corresponds t o  t h e  water vapor con
t e n t  

where PI i s  the  t o t a l  pressure a t  t h e  surface. A t  PI = 10 a t m ,  t h e  estimate 
(3.134) requires  1" r e l a t i v e  Ha0 concentration of lC3 and a t  P = 1a t m ,  a con
centrat ion of 10- . Spectroscopic estimates give approx5mately and i n  no 
case more than O f  course, owing t o  condensation t h e  HzO content may be 
much lower i n  t h e  cloud l aye r  than a t  t he  surface, but t h e  required concentra
t i o n  s t i l l  seems much too high. 

It may be t h a t  s ca t t e r ing  by aerosol  p a r t i c l e s  reduces t h e  required o p t i c a l  
thickness i n  absorption, but t h i s  question has not been quan t i t a t ive ly  invest i 
gated. Clearly, t h e  albedo of an individual s ca t t e r ing  event must be quite 
close t o  un i ty  i f  t h i s  mechanism i s  t o  reduce TI t o  an appreciable extent. Ohring 
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and Mariano (Ref.363) studied t h e  greenhouse e f f e c t  i n  t h e  presence of a cloud 
layer,  considered as a perfect  black surface of  s l i g h t  porosity. In t h e  absence 
of porosity, t h e  temperature of t h e  cloud l aye r  must equal t h e  surface tempera
t u r e  and t h e  required o p t i c a l  thickness between them must be zero. The g rea t e r  
t h e  porosity, t h e  higher t h e  required o p t i c a l  thickness. This approach does not 
se t t le  t h e  basic  issue: The problem of radiative t ransport  i s  merely trans
ferred f r o m t h e  atmosphere below t h e  cloud t o  t h e  cloud layer.  O f  a similar 
nature i s  t h e  study by Sagan and Pollack (Ref.364), which mainly d i f f e r s  from 
Ohring's paper (Ref.363) i n  t h a t  Sagan and Pollack considered t h e  cloud l aye r  as 
continuous but of f in i te  transmittance and albedo. 

b) Working models of t h e  atmosphere. Leaving aside t h e  question of t h e  /302
nature of t h e  absorbing substance, which requires  M h e r  experimental studies, 
l e t  us now examine i n  greater  d e t a i l  t h e  basic  cha rac t e r i s t i c s  of t h e  atmosphere 
s t ipulated by t h e  greenhouse model. Solar r ad ia t ion  w i l l  d i r e c t l y  heat only t h e  
illuminated portion of t h e  surface. The temperature of t h e  unilluminated por
t i on ,  which i s  observed during i n f e r i o r  conjunction, can be maintained only by 
thermoluminescence of t he  atmosphere; i f  t h i s  i s  s u f f i c i e n t l y  great,  t he  heat 
may be retained throughout t h e  night owing t o  spec i f i c  heat (see below). More
over, t h e  heat margin i s  complemented by t h e  circulat ion.  I n  one way o r  another, 
convection near t he  surface i n  a l aye r  with an o p t i c a l  thickness of t h e  order of 
unity must cease a t  night. Sagan (Ref.354) assumed t h a t  on t h e  night s ide  con
vection i s  generally absent throughout t h e  thickness of t h e  atmosphere and a sub-
adiabat ic  gradient s e t s  i n  throughout t h e  atmosphere, but t h i s  s e e m  doubtful. 
During t h e  night, t h e  atmosphere of Venus lo ses  such a small port ion of i t s  heat 
(see below) t h a t  any marked d iu rna l  var ia t ion i n  i t s  cha rac t e r i s t i c s  can hardly 
be considered (even though t h e  day is roughly equal t o  four  t e r res t r ia l  months). 
Hence we s h a l l  proceed i n  our fu r the r  calculations f r o m t h e  premise t h a t  t h e  con
vective d i s t r i b u t i o n  of temperature considered above (Fig.131, curve b) repre
sents the mean d iu rna l  (and mean annual) d i s t r ibu t ion .  

O n l y  two more or l e s s  r e l i a b l e  estimates of pressure i n  the  atmosphere of 
Venus a r e  available.  One w a s  derived by de Vaucouleurs and Menzel from observa
t ions  of t h e  occultation of Regulus and per ta ins  t o  t h e  upper layers of t h e  at
mosphere (Ref.69). A t  t h e  l e v e l  where t h e  r ad ia t ion  influx from Regulus de
creased i n  half ,  t he re  was  

The other estimate w a s  derived by Spinrad from t h e  l i n e  widths of t h e  COZ h 78X) A 
band (Ref.38). For t he  direct-ref lect ion model, t h i s  amounts t o  P = 2.8 a t m  and 
f o r  t h e  model with multiple s ca t t e r ing  i n  t h e  cloud l a y e r  (cf.  Sects.3.4 and 
3.71, t o  

P = 1.6 at" (3 136 

Dollfus (Ref.l02), from polar izat ion observations, derived P = 90 mb Ifat t h e  top 
of t h e  cloud coverf1but t h i s  f i gu re  i s  not credible  s ince i n  the  case of Venus 
it i s  impossible t o  dis t inguish between Rayleigh and aerosol  polar izat ions by 
any method whatever. The present w r i t e r  (Ref. 236), using t h e  direct-ref lect ion 
model, derived P = 300 mb "at t h e  t o p  of t h e  cloud cover" from t h e  r e l a t i v e  i n - m  
t e n s i t i e s  of COZ bands, but subsequent observations near i n f e r i o r  conjunction 
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shcwed t h a t  t h e  o r i g i n a l  model was incorrect  and hence t h i s  estimate a l s o  i s  
meaningless. 

The estimate (3.135) per ta ins  t o  an a l t i t u d e  62 f 10 km above t h e  t o p  of  
t he  cloud cover, but we  do not know the  point on t h e  curve of T(a) where t h i s  
boundary l i e s  (Fig.131). One p o s s i b i l i t y  i s  t o  i d e n t i f y  t h e  apparent t op  of t h e  

cloud l aye r  with t h e  e f f ec t ive  l e v e l  (T = +)of t h e  thermal r ad ia t ion  of t h e  

cloud layer,  but t h e r e  e x i s t  no d i r e c t  grounds fo r  t h i s  assumption. A s  pointed 
out above, t h e  concept of "apparent t o p  of cloud l aye r "  i s  extremely vague. The 
temperature a t  t h e  level of t h e  occultation i s  known with s a t i s f a c t o r y  accuracy, 
but t h i s  a l s o  does not make it possible t o  r e l a t e  t he  pressure t o  some a l t i t u d e  

above t h e  surface, s ince an isothermal 
segment of  t h e  curve of  T(z) occurs there.  

There remains t h e  estimate (3.136)
based on t h e  C 0 2  l i n e  width, which logical
l y  r e f e r s  t o  t h e  same a l t i t u d e  as the  rota
t i o n a l  temperature. It would be highly 
important t o  inves t iga t e  t h e  accuracy of 
t h i s  assumption, but so  far  t h i s  has not 
been done. Since l i n e  width and r o t a t i o n a l  
temperature vary from day t o  day, t h e  tem
peratures derived by Spinrad himself (cf.  
Table 58) must be employed. The mean of  
h i s  estimates 

II' y J G  +230 I( (3J37)~

15' Zo'km within t h e  e r r o r  limits f i t s  t h e  tempera
t u r e  T = 291 f lQ°K found by Chamberlain 

Fig.132 Models of t h e  Atmosphere from t h e  A 8689 A band [ (Ref.251), cf. 
of Venus. Table 571. The estimate (3.137) w a s  derived 

a - Standard; b - &ximum; on t h e  assumption of an isothermal atmo
c - Mini". sphere. I n  a n  adiabat ic  atmosphere (cf.  

S e ~ t . 3 . 7 ) ~t h i s  must be reduced by 7%, 
whence 

T a d  = 296 X 0.93 = 275"I<. (3.l38) 

The parameter b i n  t h e  barometric formula (1.122) i n  t h e  case of an adiabat ic  at
mosphere i s  as follows: 

dT 
RC

b =  = 2= 0.29..II 

It seems reasonable t o  assume, f o r  t h e  level T = 300°K, a pressure of PI = 
= 1a t m  f o r  t h e  median model of t h e  atmosphere, 2 a t m  f o r  t h e  maximum m o d e l ,  and 
0.5 a t m  f o r  t h e  m i n i "  model. Correspondingly assuming surface temperatures of 
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TABLE 62 

NODELS OF THE ATMOSPHERE OF VENiJS 

a)  Medium Model 

0 23 
10 1:: 
2r) 6.7 
::n 2,s 
110 I.n 
5rl 0.3 
GO 0 . 1  

70 2aIfi-z 
80 4r10-3 

100 ~ ~ i n - 4  
120 1x10-5 
140 7x’i!J-7 
1i;O 7 ~ 1 0 - ~  
180 8A10-0 

b) Maximum Model 

0 
i n  
’0 
30 
40 
50 
I.o 
70. 
80 

i no 
i20 
i 
5 (in 
i80 
200 

S )  Minimum Model 

0 2. ~10-3 
10 ~ . r , x i o - 3  
211 7.3~10
30 4x10-4 
40 1.5xId

19 
1(i 
1:: 
I 1  
9.0 
7.3 
7.0 

(5.5
G.5 
6.5 
7 
8 
8.5 
9 .O 

23 
20 
17 
14 
11.5 
9 .0 
7.5 
7 .n 
6.5 

6.5 
R ,5 
7 
S 

10 
II 

18 
13 
11 
8.5 

7 .O 

50 3 . 5 ~ 1 0 - ~  6 .5  
GO 7 .5X10-G 6.5 

70 1.5X 6.5
fin 3 . 3  6.5 

IO0 1.5x10-8 6.5 
120 7.34 
140 4%10-11 

I G O  2x 10-1: 

SIrface 

Tropopause
Apparent 1i m b  

C 0 2  dis soc ia t ion  
Occultation o f  Regulus 

Surface 

Tropopause 

Apparent limb 

C 0 2  dis soc ia t ion  
Occultation o f  R e p l u s  

Surface 

Tropop au se, app a n nt 
limb 

C 0 2  dis soc ia t ion  
Occultation o f  Regulus 
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600, 700, and 500°K, eq.Cl.122) y ie lds  surface pressures of approximately x), 
50, and 3 a tm.  Tables 62a, b and Fig.132 present these models i n  greater  de t a i l .  
The mean molecular weight i n  every case i s  taken a s  P = 2B. Kaplan (Ref.365) & 
constructed similar models based on the  pressure a t  t h e  l e v e l  of occultation of 
Regulus and derived a surface pressure of 5-10 atm. Such a narrowing o f t h e  
pressure range can hardly be substantiated.  

For a l l  t h r e e  models, we assumed a convective gradient up t o  a l t i t u d e s  a t  
which T M 1in gray absorption. 

The amount of heat contained above 1cm2 of surface i n  an atmosphere con
s i s t i n g  of diatomic molecules i s  

1 L b_ -- I  

m 05 b
5 -' 5 
2Q = - k a n ( z ) T ( z ) r l z = ~ l ~ S n l ( ~ )T d z =  

n 0 (3 1391 

where n l ,  PI, TI, HI a r e  the  concentration,.pressure, temperature and height
scale,  respectively,  a t  t h e  surface. S u b s t l t u t h g  the f igures  from Table 61 fo r  
the standard model, we have 

Q = I O l 4  erg .cm-2. 

The length t of t he  so la r  day on Venus equals 1x) t e r r e s t r i a l  days. During the  
night (one-half of t h i s  period) the  atmosphere loses  /306 

i .e.,  only about 1% of i t s  energy margin. T h i s  means tha t  t he  atmosphere of 
Venus hardly cools during the  night and the nocturnal temperature d i s t r ibu t ion  
d i f f e r s  l i t t l e  from the  daytime. T h i s  may possibly account f o r  the  phase inde
pendence of t he  brightness temperature in the  region hh 8-19 p. 

Note, however, t h a t  these considerations cannot be exploited a s  an argument 
i n  favor of a high surface pressure [ a s  was done elsewhere (Ref.354)I. First, 
c i rcu la t ion  may la rge ly  compensate f o r  t h a t  ins igni f icant  par t  of heat l o s t  by 
the  atmosphere during t h e  Venusian night,  even a t  very moderate Wind ve loc i t i e s  
(Ref.366). Second, it i s  wel l  known t h a t  t he  e f fec t ive  radiat ion temperature of 
the  ear th  d i f f e r s  l i t t l e  i n  t h e  polar  and equatorial  l a t i tudes .  Th i s  i s  due t o  
the  f a c t  t h a t  t h e  height of t he  e f fec t ive  l e v e l  of rad ia t ion  i n  the  earth 's  at
mosphere (tropopause) decreases w i t h  increasing l a t i t ude .  A similar s i tua t ion  
may a lso  ex i s t  on Venus, i f  the  cloud layer  were t o  consist  of some condensate: 
the  tropopause on the night s ide  would then move f a r the r  down. A more substan
t i a l  proof i n  favor of a considerable mass of the  atmosphere would be a l o w  phase 
e f f ec t  i n  the  radio temperature; here, however, the  experimental f indings a r e  
contradictory, If t h e  phase e f fec t  a t  millimeter waves established by the  FIAN 
(cf.  Sect.3.8) i s  confirmed, t h i s  wodd indicate  a r e l a t i v e l y  l o w  pressure. 
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CHAPTER rv 
MERCURY 

Section 4.1 Surface 

Mercury i s  t h e  planet nearest  t o  t h e  sun. The semimajor axis of i t s  o rb i t  
has a length of 0.387 a.u;, and t h e  m a x i "  elongation (apparent recession from 
t h e  sun) i s  only about x) . Near t h a t  posi t ion Mercury i s  c l e a r l y  v i s i b l e  a t  
dawn or a t  twil ight .  Not a l l  t r a n s i t s  of maxim elongation a r e  equally favor

ab le  f o r  observation. The 
o r b i t a l  eccen t r i c i ty  i s  0.2 
and t h e  dis tance f r o m t h e  sun 
a t  per ihel ion shrinks t o  
0.308 a.u. whereas a t  aphelion
it reaches 0.467 aeu. Owing 
t o  i t s  considerable o r b i t a l  
eccentr ic i ty ,  t h e  s te l lar  
magnitude of t h i s  planet near 
"um elongation va r i e s  
from -0".3 t o  + O m d 6 .  Under 
s u f f i c i e n t l y  good atmospheric 
conditions Mercury can be ob
served through a telescope i n  
t h e  daytime as well, particu
l a r l y  a t  periods when t rans i t  
across maximum elongation eo
incides  with t h e  perihelion. 

Measurements of t h e  di
ameter of Mercury give a con
siderable  s c a t t e r  : from 6 I f .  2 
t o  611.8 a t  a dis tance of 
1 a . u .  De Vaucouleurs (Ref.78) 
suggests,,as t h e  most r e l i a b l e  
f igu re  6 .73 f 0".02 - t h e  

Fig.133 Chart of Mercury according t o  mean of t he  r e s u l t s  obtained 
Antoniadi ( R e f  470)  during t h e  t r ans i t  of Mercury 

across  t h e  s o l a r  disk on 
November 7, 1960. Transi ts  

across  the so l a r  disk a r e  pa r t i cu la r ly  important i n  measuring the  diameter of 
Mercury, since near t he  customary conjunctions, t h e  diameter i s  v i r t u a l l y  unob
servable while a t  other times the  shape of t he  disk i s  g rea t ly  d i s to r t ed  by t h e  
phase. An ingenious method of measuring the  Mercurian diameter with a high de
gree of accuracy w a s  proposed by Hertzsprung: An accurately cal ibrated dia
phragm and, i n  back of it, a photocell  are mounted a t  t h e  telescope focus during 
t r ans i t  across t h e  solar disk on t h e  path of travel of Mercury. The dark disk 
of Mercury damps t h e  flux from t h e  photosphere and t h e  extent of t h i s  d a q i n g  
i s  used as c r i t e r i o n  for accurately calculat ing t h e  r a t i o  of t h e  angular r a d i i  
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of diaphragm t o  planet. With t h i ?  method,Famichel, Hugon, and R&ch (Ref.367) 
obtained an angular diameter of 6 .84 f 0 .O3 a t  t h e  dis tance of one astronomi
c a l  unit. This corresponds t o  t h e  l i n e a r  diameter 

Dg = 49GO & 20 km 

The mass of Mercury, calculated by Rabe (Ref.368) from perturbations of Eros, i s  

whence, i f  t h e  estimate of diameter i s  accepted, t h e  mean densi ty  w i l l  be d = 
= 5.09 f 0.07 gm ~ m - ~ ,t h e  accelerat ion due t o  gravi ty  g = 352 cm sec'2, and 
t h e  parabolic ve loc i ty  V, = 4.2 km sec -1 . 

S 
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Fig.131, Chart of Mercury, Repro
ducing the Patches Observed on 
Ten Composite Photographs Ob
tained by Lyot and Camichel 

(Ref. 22).  

59 f 7 days CFig.135 (Ref.371)I.
t i o n  i s  d i r e c t  and t h e  axis of r o t a t i o n  i s  roughly perpendicular t o  t h e  axis of 
t h e  ec l ip t i c .  The length of a Mercurian solar day i s  about 180 terrestr ia l  days. 
This means t h a t  roughly two Mercurian years elapse between two successive sun
r i se s .  

Other authors (Ref  .3na) mentioned t h a t  a simultaneous r e p e t i t i o n  of phase 
and of t h e  d i s t r i b u t i o n  of dark patches over t h e  disk may occur not only i n  sp
chronous rotat ion.  Such a r e p e t i t i o n  may t ake  place a l s o  f o r  t h e  r o t a t i o n  period 

t 

Surface features  on the  disk of Mercury 
a r e  discernible  only when the  v i s i b i l i t y  i s  
pa r t i cu la r ly  good. Figure 133 gives a chart  
compiled by ,,Antoniadi from observations 
with t h e  33 re f r ac to r  a t  Meudon Observa
tory,  while Fig.131, shows a similar chart  
derived from photograFhs by Lyot and Cami
chel (Pic du Midi, 38 r e f r ac to r ) .  In  t h e  
l a t t e r  case, a composite p r in t ing  method 
w a s  used t o  enhance t h e  contrast .  A com
parison of these charts  reveals c e r t a i n  
common features  but on the  whole they coin
cide very l i t t l e .  On comparing t h e  mark
ings observed a t  various times, Schiaparel l i- and l a t e r  Antodad5 (Ref.369-370) and 
Dollfus  (Ref.22) - concluded t h a t  t h e  period 
of ro t a t ion  of t h i s  planet equals i t s  period 
of revolution (88 t e r r e s t r i a l  days). 

However, recent radar soundings cas t  
doubt on t h i s  c l a s s i c a l  conclusion. In  
1965, radar soundings of Mercury with a 
300-m rad.iotelescope a t  Arecibo (Puerto 
Rico) gave a s ide rea l  ro t a t ion  period of 

The rota-



r o t a t i o n ,  88 d a y s  

- -  

where t i s  t h e  time i n t e r v a l  between observations; n i s  the  number of complete 
ro ta t ions  of t h e  planet about i t s  a d s ;  8 i s  t h e  mean angular displacement of /310
Earth and Mercury with respect t o  t h e  s t a r s  during the  time t 0  On examining 59 
drawings made by various observers, McGovern, Gross, and Rasool (Ref.371a) found 
tha t  the observable repe t i t ions  may be explained by periods of 50.1, 58.4, 70.2, 

CPSL ' ' R e  t r bgrade ro'ta t 

r o t a t i o n ,  88 d a y s  

Fig.135 Theoretical Width 
of Radar Pulse Reflected 
from Kercury, a s  a Function 
of Position near the 1965 

Infer ior  Conjunction. 
Results of radar sourldings 
of Mercury a t  A 70 cm (300-111 
re f l ec to r  a t  Arecibo) 
Length of v e r t i c a l  segment
- extent of probable e r ror  

(Ref 371) 

and 88 days. The second of these values, name
l y  58.4 k-O.4 days, i s  i n  good agreement-with 
the  period obtained from radar soundings. The 
visual observations do not contradict  t h e  radar 
signatures. 

Colombo (Ref.371b) noted tha t  t he  ro ta t ion  
of Mercury with a period equal t o  two-thirds of 
t h e  period of revolution (58.65 days) should be 
s tab le  since then, during each t r a n s i t  across 
t h e  perihelion, t he  minor ax is  of the  e l l ipso id  
of i n e r t i a  i s  roughly directed along the  radius 
vector. Most l i ke ly ,  t h e  ro ta t ion  period of. 
Mercury indeed equals two-thirds of i t s  period 
of revolution. 

Ear l ie r  radar s tud ies  of Mercury were car
r i ed  out in the  USSR [Lnsti-Eute of Radio Engi
neering, Acad. Sci. USSR, team headed by V.A. 
Koteltnikov (Ref.372)I a t  h 43 cm and i n  the  
United S ta tes  [California I n s t i t u t e  of Tech
nology, Carpenter and Goldstein (Ref .373) 1 a t  
A 12.5 cm. Ln these  experiments, t he  re f lec ted  
signal'was too weak t o  determine the  veloci ty  
of rotation. Both s tudies  established tha t  t he  
radar r e f l ec t ion  coeff ic ient  of Mercury i s  

same a s  t h a t  of the  moonroughly the (sa0.06). 
Radar soundings a t  h 70 cm performed i n  Arecibo produced a similar r e s u l t  
(Ref.374). This gives reason t o  believe tha t  the  surface of Mercury resembles 
the lunar surface so far a s  smoothness i s  concerned. O f  course, t h i s  r e f e r s  t o  
surface features  comparable t o  o r  greater  than the  wavelength. 

Theoretical charac te r i s t ics  of Mercury a l so  grea t ly  resemble those of t he  
moon. Its v isua l  albedo i s  0.056 (0.067 f o r  t he  moon) (Ref.66). For t he  moon, 
t he  albedo monotonically increases with wavelength up t o  a t  l e a s t  A 1.6 IJ. 
(Ref.375). Beyond t h i s  limit, the  dependence on p(h) no longer i s  traceable,  
since then the contribution of thermal emission becomes appreciable. Lastly, (311 
the  v isua l  phase curves a l so  display a marked s imi l a r i t y  f o r  both Mercury and the  
moon; i n  both cases, the  mean brightness increases  rapidly with approach t o  'p = 
= 0 [cf.  (Ref.66)I. 'The polar izat ion charac te r i s t ics  of both bodies a l so  a r e  
similar. The similarity of op t i ca l  charac te r i s t ics  points  t o  s imi l a r i t y  of t h e  
microstructure, if not of t he  surface material. 

Nearness t o  t h e  sun and the  low albedo r e s u l t  i n  high surface temperatures. 
According t o  our e a r l i e r  r e su l t  (Ref0375), the  i n t e g r a l  albedo of Mercury i s  
0.09. Disregarding heat conduction And the  e f f ec t  o f t h e  atmosphere, we obtain 
f o r  the  illuminated portion of t h e  disk, 
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f romthe  condition of heat balance between absorbed and emitted energies, where 
0 i s  the  zeni th  dis tance of t h e  sun; T, i s  the  e f fec t ive  temperature; 0 i s  t h e  
Stefan-Boltzmann constant; Eo i s  t h e  i l lumination integrated over t he  e n t i r e  
solar spectrum a t  normal incidence 

with R being the  dis tance i n  a.u. and EO@, the  solar constant. muat ions (4.2) 
and (4.3), f o r  any point on t h e  illuminated portion of t h e  disk, furnish 

The mean ef fec t ive  temperature of t he  illuminated port ion of t he  disk can be de
rived from the  r a t i o  

nr2Eo = 2,zr2sT:(1 -A;)- ' .  (4.5) 

This i s  equal t o  

The maximum temperature i s  reached a t  t h e  subsolar point (e = 0);  it i s  deter
mined from eq. (2.29), A s  i s  readi ly  seen, 

* . .: 

T ,  (0 = 0 )  = 1 / 2 ,  T,. (4.7) 
-

Table 63 presents values of t he  e f fec t ive  equilibrium temperature of Mercury, T, 
and Te (e = 0), calculated fo r  th ree  distances:  median, a t  perihelion, and a t  
aphelion. Owing t o  t h e  considerable eccentr ic i ty ,  t h e  dis tance from aphelion t o  
per ihel ion var ies  by a f ac to r  of 1.5 and the  i l lumination, by a f ac to r  of 2.3. 
Hence T, a l so  var ies  substant ia l ly;  here, t he  eccent r ic i ty  e f f ec t  i s  much greater  
than i n  the  case of Mars. On the  unilluminated par t  of t he  disk, i n  t h i s  ap
proximation, we have T = 0. 

P e t t i t  and Nicholson (Ref.125), from observations with t h e  250-cm re
f l e c t o r  of Mount Wilson Observatory (equipped wi th  a rad ia t ion  thermocouple) i n

/312 
t h e  transparency windm 8 - 13 CL a t  t h e  subsolar point, obtained a value of 

TB (8 = 0)= Gi3" IC 

f o r  t he  median distance.  T h i s  near ly  coincides with the  calculated value 
(Table 63), although the  s l i g h t  difference may be of r e a l  significance.  The tem
perature d i s t r ibu t ion  over t he  disk was not d i r e c t l y  invest igated by P e t t i t  and 

253 



-- 

T" 63 Nicholson ( t h i s  i s  d i f f i c u l t  t o  accorn
p l i s h  owing t o  t h e  small angular dimen-

EQUILIBRIUM TFJPERATURB OF MERCURY sions of t h e  planet due t o  atmospheric 
j i t t e r ) .  They calculated T B ( ~= 0) on 

D i s t a n c e ,  a. u. 1 Mean /At Subso lar  t h e  assumption t h a t  
I P o i n t

I 
4 

We an R = 0.367 . . .I so.'ioEi 0lS0 I< 
TB (e) =-j/cos 8 TB (8 = 0) (4.8) 

P e r i h e l i o n  N = 0.308 . . . j(j.5 F03 

Aphe l ion  R = 0.467 . . . 460 5133 on t h e  illuminated s i d e  and 


TB = 0  (4.9) 

on the  unilluminated side. 

We obtained spectra of Mercury i n  t h e  hh 1-4 P region with t h e  125-cm re
f l e c t o r  of t h e  MISh Southern Stat ion (Ref.375) by means of t he  infrared spec-. 
trometers described in Section 1.3. Direct comparison with t h e  solar spectrum 
(Fig.136) shows t h a t  already i n  the  region A M 2 P thermal radiat ion i s  more in

tense than r e f l ec t ed  radiation. According t o  

measurements performed on October U, (R = 0.333) 

t h e  mean brightness temperature a t  A 2.2 P i s  T = 

= 590 i 20'K. In  calculat ions of t h e  brightness & 

temperature, it w a s  assumed t h a t  t he  albedo a t  

h 2.2 and h 1.6 P i s  t h e  same. Assuming t h a t  

eq. (4.8) i s  valid,  we have everywhere 


T B  (8 = 0 )  = 630 +25" I<, 

which i s  somewhat below t h e  theo re t i ca l  value of 
Tb f o r  t h i s  dis tance R. The color temperature 

Fig.136 Diffract ion w a s  derived f r o m t h e  r a t i o s  between i n t e n s i t i e s  a t  
Spectrum of Mercury i n  h 2.2 and h 3.4 P as observed on October 4 (R = 
t h e  Region hh 1.0-2.5 P. = 0.308, perihelion).  Since, i n  t he  spec t r a l  re-
Sample of uni tary t r a c e  gion sa t i s fy ing  Wienfs l aw,  t he  brightness l a rge ly  
on Oct.2,1963, z = 77', depends on t h e  temperature, t h e  region around the  
s l i t s  0.6 and 5.0 mm subsolar point furnishes  the  g rea t e s t  contribution 
( A A ~ =  X)O A), rate t o  t h e  observed radiation. Hence, t h e  color tem
29 A/sec, 7 = 2.2 see. perature i s  close t o  Te(8  = 0) and not t o  T. 
Broken l i n e  - so lar  
spectrum seen withothe P e t t i t  and Nicholson a l s o  derived the  phase 
same slits, z = 77 	 dependence of t h e  mean brightness of thermal emis

s ion of Mercury i n  t h e  window hh 8-13 P. This 
sa t i s f ac to r i ly - agrees with t h e  dependence calcu

l a t e d  theo re t i ca l ly  from eqs. (4.8) and (4.9) (Fig.137) However, t h i s  does not 
imply t h a t  t h e  temperature of t h e  night s ide  of Mercury i s  close t o  absolute 
zero. From Fig.137 it can be concluded t h a t  

u,,<0.02 - 0.03& 2 x w - sterad-', 
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where E, and a r e  the  mean brightness values of  t h e  night and day s ides  of t he  
disk, respectively. Table 64 indica tes  t h a t  this corresponds t o  t h e  follaWing 

upper limit of t h e  mean n igh t  temperature: 

T,, <2500rc. 
~~ 

Measurements of the  i n t e g r a l  f l u x  of infrared 
Mercury emission of Mercurywill  not give any more 

d e f i n i t e  data on t h e  temperature of t h e  non-
I 
I illuminated port ion of t h e  disk. The reason i s  
-1XL,' 

obvious: The t e m e r a t u r e  dependence of t h e
i i n f ra red  brightness i s  extr&ely great  s o  t h a t, 

7Jf1°76U L?U RI? M I? M fg IZI? 75UfW'p 

Fig.137 Radiation of M e r  
cury and Moon a s  a Function 
of Phase Angle and Theo
r e t i c a l  Curve fo r  a Smooth 
Slowly Rotating Perfect 
Black- Sphere (Ref .125). 

t h e  contribution by t h e  night s ide  i s  very 
small, even a t  comparatively high %er res t r i a l r l  
temperatures. 

Despite this fact ,  it had been assumed 
.u n t i l  quite recent ly  t h a t  t h e  temperature on 

t h e  dark s ide  of Mercury does not exceed several 
tens  of degrees on t h e  Kelvin scale.  Thus & 
Walker (Ref.376), assuming t h a t  t h e  rate of  heat 
re lease  a t  t h e  i n t e r i o r  of Mercury i s  t h e  same 

as for  chondrites (f1ux022 erg cni2 sec-I) and disregarding heat conduction, 
found a value of T = 25 K f o r  t h e  night s ide  and a value of T = 28'K when allow
ing  for heat conduction, under s t i pu la t ion  of synchronous rotation. The heat  
flux f r . o m t h e  earth 's  i n t e r i o r  i s  several  times as large.  Assuming t ha t  t h e  heat 
f l u x  from Nercury*s i n t e r i o r  equals t he  t e r r e s t r i a l  flux (6h0erg cni2sec-' ) 
and disregarding heat donduction, t h e  temperature w i l l  be 33 K. If t h e  findings 

TABLE 6r, -

BRIWNESS IN THE 8 - 13 CL INTERVAL IN RELATION 
TO BRImmSS T-TURE 

Tg , 'IC T 
I II I 

103 8x1n-7 350 G .2x10-3 
I40 400 1.3r10-? 
IS0 4.50 2.4~10" 
220 500 3.3r10-? 
240 550 4.5x10-2 
280 
300 

600 
650 

5,7~10-~ 
G .9x 10-2 

obtained i n  Arecibo a r e  correct and Mercury does not r o t a t e  synchronously, t h e  
theo re t i ca l  temperature of t h e  dark s ide  must be higher. The temperature of t h e  
moon during ecl ipses  decreases t o  160 - 180'K w i t h i n  one hour. If t h e  heat in
e r t i a  of Mercurian rocks is close to t h a t  of lunar rocks, then t h e  temperature 
on t h e  night s ide  of t h e  ro t a t ing  Mercury (at absence of an atmosphere) must be 
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comparable to t he  dark sid-e of t h e  moon (100 - 1B'K) .  

Since the  brightiness i s  proportional to t h e  first degree of temperature on 
the  Fhyleigh segment of t h e  Planckian curve, t h e  night s ide  must make a compara
t i v e l y  l a rge  contribution t o  t h e  radio emission. Radio emanation f r o m  Mercury 
was f i r s t  discovered in 1961 by Howard, Barret t ,  and Haddock (Ref.330, 377) a t  
hh 3.45 and 3.75 cm. Near quadrature, t h e  mean brightness temperature was found 
to be TB = 400 f 80'K. The observations were not su f f i c i en t ly  accurate t o  de
termine the  phase dependence of t h e  radio temperature. Assuming t h a t  t h e  tem
perature d i s t r ibu t ion  over t h e  d isk  is described by eqs. (4.4), t h e  brightness 
radio temperature a t  t h e  subsolar point must be markedly higher than its inf ra 
red counterpart: TB(e = 0) = 1100 rt 300'K (a t  median distance).  

Field (Ref.378) mentioned t h a t  this est-?mate can be grea t ly  reduced and 
reconciled with t h e  inf ra red  observations on assuming 

T, =:200 -300" IC, 

Barret t  (Ref.330) gave a more exact estimate: 

T, =270" I<. 

Kellerman (Ref.379), during May t o  June 1964, observed the  radio emission of Mer
cury a t  h 11.3 cmwith t h e  a i d  of t h e  68-m radiotelescope a t  Parker, Australia.  

&,OK ' I I 1 1 I 

-. T=Z5U%W c0sm6 

400 

-3D'o 

20U 

7DD -

D 20 4U 6ff BU 76%' 72U 740 760p 

Fig.138 Brightness Temperature of Mercury 
a t  h 11.3 cm according to Kellermanfs Ob
servations with 68-m Australian Reflector. 

T h i s  study was carr ied out over 
'a broad range $f phase angles ~ 

f r o m  29 to 1.45 but, within t h e  
accuracy limits of measurement, 
no phase dependence was estab
l i shed  (Fig.138). The mean 
brightness temperature over t h e  
disk. i s  TB = 293 f 13'K. These 
r e s u l t s  a l s o  can be considered 
a s  ind ica t ing  a comparatively 
high (200 - 30OOK) temperature 
of the unilluminated s ide  of Mer
cury. Welch and-Btornton 
(Ref.332) found TB = 465 f 1 1 F K  
a t  h 1.53 cm f o r  a mean phase 
angle cp M 120' (illuminated por
t i o n  of t h e  disk, k = 0.25) e The 
temperature d i s t r ibu t ion  over 
t h e  d isk  can be represented by 
the  general formula 

T~ =T,,(cos e)" +- T,,, (4.84 

where TO i s  the  temperature a t  t h e  subsolar point, T, is  the  temperature of t h e  
unilluminated pa r t  (assumed t o  be i d e n t i c a l  a t  every point of t h a t  portion).  J316 
Putting T, = 0, TO = 6 B ° K ,  n = 0.5, f o r  k = 0.25 we have 

T* = IC)O"I<. 



To reconcile t h e  t h e o r e t i c a l  FBwith t h e  observed FB (46roK), we  must assume 
t h a t  

T, = 440" I<. 

The high temperatures on t h e  dark side, established a t  centimeter waves, do not 
r e f e r  t o  t h e  surface but t o  some effect ive radiation-generating l e v e l  located a t  
a depth of several  wavelengths. I n  synchronous r o t a t i o n  t h e  temperature of t h a t  
l e v e l  d i f f e r s  l i t t l e  from t h e  surface temperature, while i n  some opposite case 
the  rotation-induced temperature f luctuat ions may become smoothed out due t o  
thermal i n e r t i a ,  as i s  t h e  case f o r  t h e  moon. A s  i s  knavn, t h e  brightness tem
perature of t h e  moon a t  A 10 cm i s  independent of t h e  phase. Another possible 
explanation ( the only one i n  t h e  case of synchronous rotat ion)  would be t h e  ef
fec t  of an atmosphere. For t h e  atmosphere t o  r e l ease  heat t o  t h e  surface on t h e  
unilluminated s ide  of t h e  planet,  it must contain molecules absorbable i n  t h e  
infrared spectrum region. 

The e f f ec t  of t h e  thermal i n e r t i a  of t h e  ground must decrease with the  wave
length. The radio temperatures of t h e  moon exhibi t  an appreciable phase de
pendence; beginning with h 3 cm, t h e  o s c i l l a t i o n  amplitude increases i n  keeping 
with t h e  t r a n s i t i o n  t o  sho r t e r  wavelengths. In t h i s  connection, t h e  observations 
of Mercury a t  h 8 mm, performed with t h e  a id  of t h e  22-m antenna of t h e  FIAN 
(Physics I n s t i t u t e  of t h e  Acad. Sci. USSR) by Kutuza, Losovskiy, and Salomono
vich (Ref.380) are of spec ia l  i n t e r e s t .  These observations give TB(@ = 0) = 

= 660 f 1ZO0K if we put n = -I and T, = 0 in eq.(4.8a), and TB = 540 f 8YK i f
4 

n = 0 and T, = 0. Moreover, t h e  idea of t h e  possible  existence of a phase de
pendence (increase i n  TB with approach t o  fulp phase) i s  advanced, although not 
too confidently. I n  t h e  l i g h t  of these findings, it seems probable t h a t  t he  
r e l a t i v e l y  high brightness temperature of t h e  dark s i d e  a t  centimeter waves may 
be a t t r i bu ted  t o  ro t a t ion  of t h e  planet, but t h i s  question s t i l l  needs quantita
t i v e  investigation. The experimental r e s u l t s  a l s o  cannot be considered exhaus
t ive.  It would be extremely important t o  measure t h e  temperature from infrared 
emission on the  dark side. If t h a t  temperature were t o  prove comparable,with 
t h e  temperature determined a t  centimeter waves, we would have an indisputable 
proof of t h e  existence of an atmosphere capable of t ransport ing heat f r o m t h e  51
luminated s i d e  t o  t h e  dark s i d e  and transmitt ing it t o  t h e  surface. 

__. . .-Section 4.2 Hypotheti-cal Atmosph-e-re.of Mercury 1317 
Antoniadi (Ref .370, 381) interpreted t h e  var iable  V i s i b i l i t y  of d i sc re t e  

dark and b r igh t  spots on t h e  disk of Mercury as t h e  possible e f f e c t  of haze and 
clouds i n  t h e  atmosphere. Observations of markings on t h e  surface of t h i s  planet 
are extremely d i f f i c u l t ,  and var ia t ions of t h e  above kind can na tu ra l ly  not be 
considered a va l id  argument f o r  t h e  existence of a Mercurian atmosphere. More 
s ign i f i can t  i n  t h i s  respect i s  t h e  r e s u l t  obtained by Dollfus (Ref.102) who dis
covered t h a t  t h e  polar izat ion a t  t h e  center of t h e  disk i s  greater i n  green l i g h t  
than i n  red, and greater  near t he  cusps than a t  t h e  center. According t o  Doll
fus, t h e  observed anomalies i n  polar izat ion may be a t t r i b u t e d  to-+yleigh scat
t e r i n g  i n  a gaseous atmosphere containing approximately 3 gm * a n  of a i r  i n  
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t h e  v e r t i c a l  column. This i n t e rp re t a t ion  i s  not without b i g u i t y ,  considering 
the  small magnitude of t h e  effect .  

The parabolic ve loc i ty  a t  the  surface of Mercury i s  l o w  (4.2 km sec-’} 
and t h e  proximity t o  t h e  sun suggests high temperatures a t  t h e  c r i t i c a l  level. 
Hence the  l i g h t e r  gases - H, He, 02, N2 - must completely disappear from such an 
atmosphere over t h e  geological times (cf. Sect.4.3) Heavy polyatomic molecules 
apparently a l s o  cannot pe r s i s t ,  owing t o  d i s soc ia t ion  and subsequent d i s s ipa t ion  
of t h e i r  component elements. All this implies t h a t  t h e  atmosphere of Mercury, 
i f  it does ex i s t  would consist  of i n e r t  gases ch ie f ly  of argon s ince t h i s  i s  t h e  
most abundant i n e r t  gas on the  earth. Synchronous r o t a t i o n  has of ten been men
tioned as an add i t iona l  f ac to r  i n t e r f e r i n g  with t h e  formation of a dense atmo
sphere, s ince i t  must cause the  freezing-out of t h e  atmosphere on t h e  dark side. 
However, t h i s  process may be inoperative even a t  synchronous rotat ion,  owing t o  
t h e  heating of t h e  dark s i d e  by t h e  atmosphere i t se l f .  Moreover, t h e  tempera
t u r e  of t h e  Mercurian atmosphere may be lower, i n  pr inciple ,  than t h a t  of t h e  
earth. This temperature i s  determined from t h e  co r re l a t ion  between s o l a r  energy 
absorption and processes leading t o  energy lo s ses  of t h e  upper atmosphere mole
cules. The i n f l u x  of e n e r m  t o  Mercury i s  greater  but, correspondingly, a l s o  
t h e  cooling processes - under c e r t a i n  assumptions - may be more e f f ec t ive  (see 
below). Generally, t he re  i s  no cogent reason f o r  a p r i o r i  r e j e c t i n g  t h e  possi
b i l i t y  of a molecular atmosphere on Mercury, similar t o  t h e  atmospheres of other 
planets  i n  the  t e r r e s t r i a l  group. 

We made an attempt t o  compare t h e  CO2 absorption band i n t e n s i t i e s  near 
h 1.6 p i n  t he  Mercurian and lunar spectra (Ref.375). These i n t e n s i t i e s  were 
g rea t e r  i n  t h e  spectrum of Mercury. This observation w a s  made a t  t h e  s e n s i t i v i t y  
threshold, which makes it desirable  f o r  other observers t o  confirm t h e  real i ty  & 
of t h i s  i n t ens i f i ca t ion .  A t  first [ i n  1963, cf. (Ref.382)I t h e  sun was used as 
t h e  comparison standard, but i n  t h e  spring of 1964 it was found t h a t  a consistent 
difference exists between t h e  equivalent widths of CO2 bands i n  t h e  spectra of  
both sun and moon. The reason f o r  t h i s  difference has not been defined. There 
i s  some bas i s  f o r  assuming t h a t  it has nothing t o  do with d iu rna l  var ia t ions i n  
t h e  amount of 0 2  i n  t he  atmosphere or with nonl inear i ty  of t h e  receiver. In  
one way o r  another, s ince t h i s  difference does e e s t  and s ince t h e  equivalent 
widths i n  t h e  lunar  spectrum are greater,  it was decided t o  use only t h e  moon 
f o r  comparison. Both Moon and Mercury w e r e  observed under highly similar condi
t ions,  with the  same l i g h t  grasp of t h e  lenses, i d e n t i c a l  slits and equal magni
f i ca t ion ,  whereas during comparisons with t h e  sun t h e  first and t h i r d  conditions 
were not s a t i s f i e d .  

Figure 139 shows t h e  t o t a l  equivalent widths of CO2 bands a t  h 1.575 and 
1.606 P i n  t h e  Mercurian and lunar spectra as a function of zeni th  distance,  de
rived from observations on March 30 and 31,1964. Each of t h e  two points f o r  
Mercury represents t he  mean of a l l  measurements made during t h e  same day. 

On comparing observations of t h e  sun i n  various months we established the  
existence of a s l i g h t  seasonal va r i a t ion  i n  t h e  equivalent width of t h e  GO2 ab
sorption bands. I n  October they were broader than i n  March (by lo%), while i n  
May they returned t o  t h e i r  October level .  For t h i s  reason, t he  spectra of Mer
cury obtained i n  October were compared with spectra of t h e  moon obtained i n  May. 
I n  Fig.140 t h e  equivalent widths of t h e  bands a t  h 1.6 p i n  t h e  spectrum of Mer-



-- 

cury obtained on October U, are compared with morning observations of t h e  moon 
on May 29. I n  a l l ,  35 spectra from t h e  observations on October L!+ were analyzed, 
divided i n t o  several groups, and averaged for each group. The curves i n  Figs.139 
and l4.O confirm t h e  strengthening of t h e  C 0 2  h 1.6 P bands i n  the  spectrum of 
Mercury. Observations made i n  September 1964. produced t h e  same re su l t .  A s  i s  && 
known, t h e  C02 content of t h e  surface l aye r  of t he  earth 's  atmosphere i s  a t  i t s  
highest j u s t  before dawn; consequently, t he  use of morning observations of t h e  
moon for a comparj-son with Mercury apparently does away with t h e  p o s s i b i l i t y  of 
a spurious e f f e c t  due t o  d iu rna l  va r i a t ions  i n  CO2. 

I 1 1 1 I ; 1-

Fig.139 Total  Equivalent Width 
of Carbon Dioxide Bands h 1.57 
and 1.61 p i n  t h e  Spectra of 
Mercury (a) and Moon (b), %rch 
30-31,1964, from Spectra with 
Resolutionoof 100 A (Recording 
Rate 14.5 A/sec Theoretical  
growth curve (c j .  
The length of t h e  v e r t i c a l  seg
ment represents t he  mean-square 
error.  Abscissa: a i r  mass. 

I C 

I J - I  1 L U 

Fig.140 Same as i n  Fig.139; 
from Observations of Mercury 
on October 14,1963, and of 
t h e  Moon on May 25,1964. 
(According t o  observations 
of t h e  sun the  C02 content 
of t h e  t e r r e s t r i a l  atmosphere 
w a s  the same during these 

periods). 

In  Figs.139 and 140, observations of t h e  moon are interpolated and extrapo
l a t e d  with t h e  a i d  of Elsasser 's  growth curve. From solar observations it w a s  
ve r i f i ed  t h a t  t h e  air-mass dependence of t h e  equivalent widths of C 0 2  bands a t  
h 1.6 p i s  s a t i s f a c t o r i l y  represented by t h i s  t heo re t i ca l  growth curve. 

The C02 content can be calculated with t h e  method used for Mars i n  Chap 
te r  11. The t h e o r e t i c a l  growth curve f o r  Mercury must be plot ted with allowance 
f o r  Doppler broadening, which becomes ap8reciable  already a t  pressures of t he  
order of 1nib and a t  temperatures of 600 K i n  t h e  observed absorption (R = 
= 0.02 f 0.01). Under these  conditions, t h e  overlap of r o t a t i o n a l  l i n e s  of COz 
can be disregarded and t h e  growth curve f o r  mean absorption i n  t h e  band can be 
replaced by a growth curve for a s ing le  line. The absorption observable i n  t h e  
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spectrum of Mercury refers t o  t h e  logarithmic segment of t h e  growth curve, so 
t h a t  t h e  amount of CO2 along t h e  l i n e  of s igh t  can be co r rec t ly  determined only 
t o  within one order of magnitude. T h i s  content ranges from 1t o  25 gm cm-2. 
The amount of CO2 above 1 cm2 of surface may range from 0.3 t o  7 gm cm-2 o r  
f roml .5  t o  35 m a tm.  If we a r e  t o  believe t h e  polarimetric observations 
which ind ica t e  t h e  t o t a l  mass of the  atmosphere as being 2 - 3 gm cm -2 

(Ref.l02), then t h e  relative concentration of COz must l i e  within t h e  limits from 
10 t o  100%. 

Owing t o  t h e  high temperature, t he  hot bands of C02 must be stronger i n  t h e  
spectrum of Mercury. I n  t h e  i n t e r v a l  Ah l . l i2 .5  p a number of t r a n s i t i o n s  exist 
f o r  which t h e  ground l e v e l s  are 010 (667 cm- ) and Ox) (1286 cm-I). The rela
t i v e  i n t e n s i t i e s  of t h e  former must increase x) t i m e s  and those of t h e  l a t te r  
60 times, on t r a n s i t i o n  from T = 250’K t o  T ’= 600°K, but they a l l  e i t h e r  blend 
with other C02 bands and t e l l u r i c  H a  bands o r  remain too faint. The band 001 
t o  100 A1lO.,!+ p must become stronger by two orders of magnitude ( in i t ia l  level, 
1385 cm- ) and i t s  ant ic ipated equivalent width i s  approximately 0.1 p. In & 
September 1964, t h e  author obtained the  spectrum of Mercury i n  t h e  region 

A
Ah 8-13 p with a resolving power of -Ah = x), but  t h e  accuracy proved in su f f i 

c i en t  f o r  e i t h e r  confirming o r  r e fu t ing  t h e  presence of t h e  A 10.4 IJ. band with 
an equivalent width of 4.1 p. 

The above-described observations of A 1.6 p bands ind ica t e  some likelihood 
of C02 i n  t h e  atmosphere of Mercury, but t h e  p o s s i b i l i t y  of a systematic e r ro r  
cannot be completely precluded. This i d e n t i f i c a t i o n  s t i l l  needs confirmation by 
other observers. An i r r e f u t a b l e  proof would be t h e  discovery of hot bands, but 
these have not yet  been detected. SpiFad,  Field,  and Hcdge (Ref.383) attempted 
t o  find t h e  weak band 5% COz (A 8690 A) i n  t h e  spectrum of Mercury but fa i led.  
They estimated t h e  upper limit of C 0 2  content i n  t h e  atmosphere of Mercury as 
57 m a t m ,  which does not contradict  t h e  estimates based on t h e  A 1.6 p bands. 

An atmosphere of t h e  order of 1gm cm-2 i s  already s u f f i c i e n t  t o  protect  
t h e  surface of a planet from meteorit ic bombardment. In  t h e  earth’s atmosphere 
meteors burn out a t  an a l t i t u d e  of about 80 km, above which approximately 

gm cm-” of matter exists. T h i s  r a i s e s  t h e  question why a l l  known charac
t e r i s t i c s  of t h e  Mercurian surface resemble those o f t h e  lunar surface whose 
formation i s  thought t o  have been l a rge ly  influenced by meteoritzc erosion. In 
t h i s  connection, Spinrad e t  a l .  (Ref.383) mention t h a t  marked densi ty  fluctua
t i o n s  of t h e  Mercurian atmosphere over geological times a r e  not e n t i r e l y  out of 
t h e  question. 

The main consti tuents of t h e  atmospheres of Mars and Venus (cf. Chapt.1 and 
11) a r e  C02 and, apparently, N2  a t  a r a t i o  of roughly 1:l t o  2:lOO. The ter
r e s t r i a l  atmosphere may o r ig ina l ly  have had a similar composition, but owing t o  
photosynthesis most of t h e  carbon dioxide was converted t o  t h e  bound s t a t e ,  with 
t h e  attendant re lease of oxygen i n t o  t h e  atmosphere. An addi t ional  amount of 
oxygen could come from the  dissociat ion of H20. If t h e  i d e n t i f i c a t i o n  of C02 i n  
t h e  spectrum of Mercury i s  correct,  it might possibly be t h a t  t h e  composition of 
i t s  atmosphere does not d i f f e r  qua l i t a t ive ly  f r o m t h a t  of t h e  atmospheres of 
other  t e r r e s t r i a l  planets. Below, we w i l l  consider t h e  propert ies  t h a t  should 
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be displayed by the atmosphere of Mercury if it would contain a large amount of 

carbon diodde. 


A C02 molecule is dissociated by ultraviolet radiation at h 1700 1. The 
absorption coefficient is approximately lo-” cm2 and it can be shown that the 
number of 0 atoms and CO molecules above the dissociation level must be close to 
10’’ although part of the 0 atoms W i l l  be combined into 02 molecules. If the 
aliitude of a homogeneous atmosphere in the dissociation-gegion is taken as 
10 cm, the concentration there must be close to 1013 cm The energy of ultra
violet radiation absorbed owing to dissociation (approximately 500 erg/cm2) is & 
released by recombination. It may be that this energy is the principal source 
of heating of the atmosphere in the neighborhood of the dissociation level. Cool
ing occurs owing to radiation in the resonance band C02 h 15 p.  The dissocia
tion region is located above the level of vibrational relaxation of COZ, and the 
rate of cooling is directly determined by volumetric luminance in this band, 
whigh can be calculated from eq. ( 2 . 0 )  The equilibrium temperature is about 
200 K for an atmosphere of pure COz and 150’K for an atmosphere consisting of 
10% C02 and 90% N2. 

At an altitude where the total number of 0 atoms and CO molecules is N < 
< 10’’ Fm-”, the ionosphere begins. The ionization limit of 0 and CO is close 
to 900 A. At Mercuryts distanceDfromthe sun, the flux of solar ultraviolet 
radiation in the region h < 900 A is approximately 15 erg/sec cm“ according to 
Enteregger (Ref.262). Part of this energy is released during recombinations 
and directly converted into heat in the thermosphere, and part is transported
duwnward by the diffusion of ions and electrons so that it does not directly par
ticipate in the heating of the thermosphere. The earthts thermosphere absorbs 
approximately 2 erg/sec cm”, and - as estimated by various authors - releases 
from 5 to 50% of that energy. Taking a thermal effectiveness of 15% for Mercury, 
we find that its flux of approximtely 2 - 2.5 erg/sec cm” must be released in 
its thermosphere. Cooling of the thermosphere may proceed in three ways: 1)by
radiation in the CO h 4.5 CL band and in the rotational lines; 2) by radiation in 
the forbidden line h 63 p ;  3 )  by heat conduction. 

In the earthts atmosphere, the third process predominates. Below 230 km, 
a certain role is played by transport of radiation in the h 63 IJ. line. In the 
atmosphere of Mercury - if it contains a large amount of carbon dioxide - a major
role should be played by CO radiation, and it would seem that the higher the 
relative concentration of CO in the thermosphere the lower should be temperature.
However, more detailed estimates show that this is not so. If only CO and 0 are 
present in the thermosphere, then the absorption of ultraviolet radiation takes 

place in a region where the collision frequency at any temperature is too low to 

compensate for the heating due to CO radiation at the same altitude. Radiation 

occurs at much lower altitudes than absorption, and the absorbed energy can be 

transmitted downward only by heat conduction. It is readily shown that the 

thermosphere would then become heated to an extremely high temperature (more

than 10,000’K) which would be accompanied by rapid dissipation. If, in addition 
to CO and 0, some neutral constituent of the N2 or  Ar type were present, then 
dissipation would cease once the relative concentration of CO and 0 (a2in the 
lower atmosphere) would become sufficiently low, the absorption region would 

descend to a zone of sufficiently high mean density and collision frequency, and 

its temperature would decrease. The decrease in temperature would be aided by /322 
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a slaver dissipation of CO compared with 0. An identical location of the regions 
of emission and absorption would require reducing the relative concentration of 
C02 to at least 10%. Consequently, the lower limit of the relative concentra
tion of CO2 (10- 100%)which we derived from observations of the range seems 
plausible 

Henceforth we will assume that the atmosphere of Mercury consists of 10% 
GO2 and 90% N2 and that the total mass of the gas column is 3 gm cm-2. Ifthe 
atmosphere of Mercury can retain COa (which, at the dissipation level, is com
pletely dissociated), then it can also retain N2. 

Owing to the high surface temperature and intense radiation in the 
C02 h 1 5  1-1 band at high altitudes, the temperature gradient between the surface 
and the mesopause (z M 130 km) on the illuminated side of the planet is near-

adiabatic and the convection zone probably extends from the surface to the very

dissociation level of C02. At the surface of Mercury, the concentration of mole

cules is as low as it is on the earth at an altitude of 50 km but decreases more 
slowly with increasing altitude so that, on the whole, the atmosphere extends 
farther up. In the CO2 dissociation region atomic oxygen is present, and the 

ternary collision reaction 


0+ 0 + M+02 +- ,\I 

also produces a certain amount of 02. In the presence of photochemical equi

librium, the ratio of total C02 molecules to their dissipation products is 


The photochemical equilibrium was calculated in the same way as in Chapter I11 

for the atmosphere of Venus. 


The temperature of the thermosphere %s about 1500'K at the level at which 
one-half of the ultraviolet flux h < 900 A is absorbed. This temperature is cal
culated from the balance between the absorbed energy, emission in the CO bands, 
and heat conduction. At the top of the absorbing region, the temperature appar
ently is close to ZOOO'K. 

The temperature of the thermosphere is of special interest since it affects 

the dissipation rate, but it is exactly this question that is the most unsettled 

even when considered within the framework of the specified model, not to mention 

the possibility that the above-assumed initial chemical composition may differ 
from the true composition. For example, we had assumed a "thermal effectiveness1' 
of 15% arbitrarily and solely by analoa with terrestrial conditions. 

If GOz is actually present in the atmosphere of Mercury, then the critical& 
level cannot be very far from the surface (ZOO0 - 2.500 km) and its temperature 
cannot be higher than 800°K.o If the critical level is at an altitude of 2500 km, 
then at a temperature of 800 K the "lifetimet1gf the atmosphere (as restricted 
by the dissipation of oxygen) will be about 10 years. Assuming that a continu
ous replenishment of the atmosphere from the bottom up (owing to the release of 
GOz by rocks) compensates for its dissipation rate, this would mean that the c02 
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i n  t h e  atmosphere of Mercury would by now have been renewed lo3 times. There i s  
nothing improbable i n  t h i s  assumption, s ince the  t o t a l  amount of COz released 
during the geological h i s to ry  w i l l  i n  t h i s  case be approximately 1kg cm-2. 
This i s  not very much when we consider t h a t  l a rge  amounts of COZ s t i l l  remain 
bound i n  t h e  earth’s sedimentary rocks. If t h e  a l t i t u d e  of t h e  c r i t i c a l  l e v e l  
i s  2000 km and t h e  temperature i s  600%, t h e  d i s s ipa t ion  of oxygen can be dis
regarded i n  general. The calculat ion r e s u l t s  f o r  a model of t h e  hypothetical  at

mlxphere of Mercury a r e  presented i n  
Fig.141. In t h i s  calculation, it w a s  as-

Z,km I --I I 8 / I  sumed t h a t  N2 and CO molecules a r e  not dis
sociated a t  every a l t i t ude .  

50J - - n  

Thus, the temperature of t h e  c r i t i c a l  
400 -	 l e v e l  i s  apparently lower than t h e  tempera

t u r e  of t h e  thermosphere calculated i n  c)ur 
model. This means t h a t  e i t h e r  t he  tempera
t u r e  of t h e  thermosphere of Mercury i s  lower 
than calculated or t h e  temperature decreases 
with a l t i t u d e  above the  l e v e l  of e f f ec t ive  
heating (unlike i n  t h e  earth’s atmosphere). 
The reason f o r  t h i s  discrepancy may l i e ,  
e.g.,in t he  f a c t  t h a t  Mercury i s  a s l m l y  
(and perhaps synchronously) ro t a t ing  planet.  

Fig.141 Model of t h e  Atmosphere I n  t h e  atmosphere of such a planet, an ap
o f  Mercury. 	 preciable  t ransport  of heat f r o m t h e  il- & 

luminated t o  t h e  unillwninated hemisphere 
m u s t  occur a t  various levels ,  and t h i s  w i l l  

reduce t h e  temperature of t h e  illuminated hemisphere. It can be shown, e.g.,that 
i n  t h e  exosphere the  exchange of molecules moving i n  e l l i p t i c a l  o r b i t s  between 
the  illuminated and unillumilnated hemispheres w i l l  r e s u l t  i n  a heat leak of t h e-
order of 1erg cm-2 sec . The heat t r a n s f e r  coeff ic ient  above Mercury’s 
thermospkere, i n  view of i t s  assumed chemilcal comppsition (atomic oxygen) and-
T = 2000 K, i s  4 . 2  e r q  km cm-” sec deg- . Hence t h e  supply of a flux-
of -1 erg cm-” see t o  t h e  exosphere requires  a high temperature gradient 
and t h e  t o t a l  heat drop between t h e  thermosphere and the  exosphere may reach 
several  thousand degrees. This means t h a t  t h e  temperature a t  t h e  c r i t i c a l  l e v e l  
and the  d i s s ipa t ion  r a t e  m y  be much lwer than i n  t h e  model with an isothermal 
temperature va r i a t ion  above t h e  thermosphere. 

If eq.(4.9a) i s  correct,  then it i s  impossible t o  detect  CO or 02 i n  t h e  
Mercurian atmosphere with methods of absorption spectroscopy. However, t h e  photo
chemical equilibrium i s  disturbed by d i f fus ion  and mixing, so  t h a t  eq.(4.9a) may 
not correspond t o  r e a l i t y .  Moreover, CO may accumulate owing t o  a more rapid 
d i s s ipa t ion  of 0. Nevertheless, t h e  CO 2.35 p absorption band could not be de
tected.  Table 65 presents t h e  upper l i m i t s  of t h e  content i n  t h e  Mercurian at
mosphere of CO and of c e r t a i n  other compounds, derived f r o m t h e  author’s observa
t ions  ( R e f  .375). 

N.A.Kozyrev (Ref.384) obtained spectrograms of Mercury i n  t h e  v i s i b l e  and 
near u l t r a v i o l e t  spectrum regions i n  l a t e  April  and ea r ly  May and then i n  Octo
ber  1963, using t h e  122-cm r e f l e c t o r  of t h e  Crimean Astrophysical Observatory. 
He discovered t h a t  t he  p r o f i l e s  of t h e  hydrogen l i n e s  Hg,  H y ,  Hg  i n  t h e  spectrum 
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of t h e  so l a r  radiat ion r e f l ec t ed  from t h e  illuminated hemisphere of t h e  planet 
d i f f e r  somewhat f r o m t h e  p r o f i l e s  of t h e  same l i n e s  i n  t h e  s o l a r  spectrum. The 
difference i s  close t o  t h e  s e n s i t i v i t y  threshold but i s  consistent,  recurring /325
on many spectrograms. N .A .Kozyrev a t t r i b u t e s  t h i s-:o planetary hydrogen emis
sion with a brightness of about 1ers cm-’ sec sterad-’ , i.e., t o  ap
proximately 1OI2 quanta e cm-’ sec e sterad-’. Weak Ha emission i s  present 
i n  t h e  spectrum of t h e  t e r r e s t r i a l  night l i g h t ,  and moreover He and H y  are present 
i n  t h e  au ro ra l  spectrum of t h e  earth,  but i n  this case t$e brightness i s  very 
much smaller (nocturnal emission of Ha, approximately 10 quanta cm-’ sec-’ 

sterad-’). The nocturnal emission of Ha i s  due t o  t h e  sca t t e r ing  of so l a r  

TABLE 6 5  

SPECTROSCOPIC ESTIMATES OF THE UPPER LIMIT OF CONTENT 
OF CERTAIN MOLECULES I N  MERCURY*SATMOSPHERE 

Conten t  i n  V e r t i c a l&lumn of Ear th ’  s 
Atmosphere, cm.atm 

co 10 2.35 0.1 
M,O 2.12 and 2.26 0.4-2.26-2.32 

l . G  

% The s o l a r  spectrum was  used as t h e  comparison spectrum. 

Lg-quanta i n  t h e  e a r t h f s  hydrogen corona, r e su l t i ng  i n  t h e  conversion of Lg-quanta 
t o  La and Ha owing t o  cascade t ransi t ions.  The upper atmosphere of Mercury 
should contain some amount of hydrogen owing t o  accumulation of solar corpuscular 
f luxes,  but t h e  brightness of hydrogen emission t h a t  can be produced by such a 
mechanism i n  t h e  case of Mercury i s  completely in su f f i c i en t .  

Auroral hydrogen emission i s  a t t r i b u t a b l e  t o  charge exchange between t h e  
protons of so l a r  corpuscular fluxes and t h e  neu t r a l  atoms of oyygen. This mech
anism i n  the  case of Mercury - i n  t h e  presence of oxygen i n  i t s  upper atmosphere 
(see below) - possibly could be responsible f o r  t h e  brightness values comparable 
with t h e  observed values, but t h e  emission l i n e s  are smeared out and substantial
l y  sh i f t ed  owing t o  t h e  great  veloci ty  of t h e  corpuscular f luxes (-1000 km/sec). 
Hence, t h i s  can hardly account f o r  N.A.Kozyrevfs observations. It would be very 
important t o  invest igate  as accurately as possible t h e  p r o f i l e s  of l i n e s  of t h e  
Baher  s e r i e s  i n  t h e  spectrum of Mercury and t o  e lucidate  t h e  shape and displace
ment of t h e  emission center, i f  i t s  existence i s  confirmed. N.A.Kozyrev draws 
far-reaching conclusions from h i s  observations, claiming t h a t  hydrogen i s  the  
p r inc ipa l  consti tuent of t h e  Mercurian atmosphere. There exists no ju s t i f i ca 
t i o n  f o r  such a claim s ince  t h e  mechanism of exc i t a t ion  i s  unknown and only t h e  
number of atoms a t  t h e  ground l e v e l  can be derived from observations. Spinrad 
and Hodge ( R e f  -385) mentioned t h a t  on Mercurian spectrograms t h e  superposition 
of l i g h t  scat tered from t h e  tw i l igh t  sky may r e s u l t  in t h e  occurrence of Fraun

264 



hofer-line s a t e l l i t e s  t h a t  undergo Doppler s h i f t  and t h a t  Kozyrev's observations 
may be a t t r i b u t e d  t o  this effect .  

Section 4.3 General Problems o f  I n t e r i o r s  of t h e  T e r r e s t r i a l  Planets 

Each of t h e  th ree  planets  i n  t h e  terrestr ia l  group considered above repre
sents  a complex e n t i t y  of problem and enigmas. 

F i r s t  we d e a l t  with comparatively well-investigated Mars and then with ex
tremely enigmatic Venus and l a s t ly  with Mercury. A s  regards Mercury, nothing /331
r e a l l y  d e f i n i t e  can be sa id  about it, beginning with i t s  r o t a t i o n  and ending 
with t h e  chemical composition of i t s  atmosphere whose very e d s t e n c e  has not been 
proved ei ther .  Much work, ch ie f ly  of t h e  observational type, has ye t  t o  be done 
before t h e  problems posed by these  planets  can be solved. Table 66 represents 
an attempt t o  present i n  compact form t h e  p r inc ipa l  avai lable  da t a  on t h e  ter
r e s t r i a l  planets. The p i c tu re  i s  s t i l l  t o o  incomplete t o  warrant a unified and 
consist6nt i n t e rp re t a t ion  of t h e  observed effects .  

Below, w e  w i l l  consider two problems of t h e  same type but far from f u l l y  
c l a r i f i e d :  1)i n t e r n a l  s t ruc tu re  of planets of t he  t e r r e s t r i a l  group; 2) nature 
of t h e i r  atmospheres. 

a )  In t e rna l  s t ructure .  The masses of t h e  t e r r e s t r i a l  groups roughly range 
from 2 X t o  3 X lCr6  Ma. The atmospheres account f o r  a negl igible  f r ac t ion  
of t h i s  t o t a l .  The nature of t h e  so l id  planetary i n t e r i o r s  can be interpreted 
only by analogy with t h e  ea r th  and general physical laws .  A l a r g e  port ion of t h e  
e a r t h t s  surface i s  covered by t h e  hydrosphere. The other planets  have no hydro
sphere, which undoubtedly must influence t h e i r  p r inc ipa l  f ea tu re s  (s t ructure  of 
surface, composition of atmosphere, etc.) . 

The y ie ld  point of t e r r e s t r i a l  rocks i s  reached a t  a depth of several  tens  
of kilometers. A t  considerable depths, t h e  shearing strength i s  too l o w  f o r  
maintaining a major pressure difference a t  any one level .  Consequently, t h e  
ea r th  and other planets can be regarded as bodies ex i s t ing  i n  hydrostatic equi
librium. I n  t h e  presence of hydrostatic equilibrium, a body of revolution as
sumes the  shape of an oblate  e l l ipsoid.  If t h e  r a t i o  of cen t r i fuga l  t o  gravita
t i o n a l  accelerat ion 

i s  low, as i s  t h e  case f o r  planets  of t h e  t e r r e s t r i a l  group (0.0035 f o r  t h e  
earth,  0.0046 f o r  Mars, and much lower f o r  Venus and Mercury) then t h e  shape or, 
as it i s  known, t h e  equilibrium configuration of such a body i s  close t o  spheri
cal .  

A t  t h e  i n t e r i o r  of a spherical  body, 

dF _ _ - [&)
dr 



TABLE 66 


COMPOSITE TABU OF PRESmT KNBWLEDCE ON THE PHYSICAL 

CONDITIONS OF THE TEETESTRIAL PLANETS 


Findings and In t e rp re t a t ions  
Method of 

Observation Mercury Venus 

V i s u a l  and 
photographic 
observations: 
Cloud layer:  Isolated re- Dist inct  struc-
s t ruc tu re  of ports on t u r e  of t h e  
cloud, circula- changes i n  the  type of p a r a l l e l  
t i o n  of cloud v i s i b i l i t y  of s t reaks i n  t h e  

surface mark- u l t r av io l e t .  Low. 
ings contrast  blurred 

markings i n  
v i s i b l e  l i g h t  

Surface mark-
ings, pr incipal  
topographic 
features  

lark and br ight  
Vegions dis-
:ernible on 
surface. NO 

Surface not dis-
cernible i n  visi-
b le  l i g h t  owing 
t o  compact opaque 

)hotographi c cloud mantle 
lapping w a s  
lade. Visually 
:ompiled maps 
ri th a resolu-
,ion of several  
iundred kilome-
, e r s  are avail-
.ble 

Photometry: 
Reflect ivi ty  of 
disk depends on 

wavelength, and
toPograPhY9 

'isual albedo 
1.056; i n t e g r a l  
Sbedo approx-
m t e l y  0.09 

Visual albedo 
2.70; i n t e g r a l  
ilbedo 0.73. 
tavelength de-

phase angle. 
Used f o r  deter-

sendence of t he  
ilbedo indi-

&rs 

dhite  and blue clouds ob
served most of ten near limb 
and terminator. Apparent-
Ly, i c e  clouds. Above the  
ieserts, yellow cloud for-
nation sometimes covering 
Large expanses. Assumed t o  
>e dust  storms. Surface 
narkings normally not visi
, l e  i n  t h e  blue and v i o l e t  
spectrum regions (blue haze 
shenomenon) Occasionally, 
: learing of t h e  haze (%blue 
:learing" phenomenon) per
n i t t i ng  observation of t h e  
oarkings a l s o  i n  these  
spectrum regions 

) i s t i n c t  br ight  and dark 
ireas, polar caps. Seasonal 
rariations i n  albedo, color, 
tnd shape of the dark areas. 
jecular var ia t ions of t h e  
tlbedo and extent of t h e  &lark areas. Seasonal vari
. t ions i n  polar caps. Photo
y-aphs acquired by &riner  
:V revealed lunar-l ike cra
,ers. Rotation period 
Y+'37" 23' 

[I traviolet  albedo 0 .O5; 
i s u a l  albedo 0.12 i n  dark 
reas, 0.15 i n  br ight  areas;  
n t eg ra l  albedo 0.26 

(cont 'd) 
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TABLE 66 (conttd) 

Findings and Interpretat ions 
Method of 

Observation Mercury Venus &rs 

mining nature ca t e s  s i z e  of 
of t h e  cloud t h e  cloud l aye r  
l aye r  and sur- p a r t i c l e s  t o  be 
face and f o r  several  microns 
calculat ing 
t h e  heat 
balance 

Occultations of \To observations Occultation of No observations 
stars and 
ecl ipses  of 

Regulus: 55 
f 15 km above 

s a t e l l i t e s  in- t h e  cloud 
d i ca t e  scale  
height, scale-
height gradi-
ent, and pres-

layer ,  height 
s ca l e  6 ..8f* 0.2 km. Pres-
sure  a t  t h e  

sure  a t  t h e  al- l e v e l  of oc-
t i t u d e  of c u l t a t i o n ,  
ecl ipse 2.6 x io- i 

f 1.3 x ~ 

Limb effects :  h s t a n c e s  of ELongation of Limb darkening i n  v i s i b l e  
brightness 
gradient i n  di-
rect ion of t he  
l i m b  as a func-
t i o n  of wave-

f e i l i n g  of 
narkings are 
nore frequent-
Ly reported f o r  
;he Western 

cusps near in-
f e r i o r  conjunc-
t i o n  ind ica t e s  
high-altitude 
clouds o r  a 

region; smoothness f a c t o r a  
0.5 < q < 1, near h 6000 A. 
Limb darkening decreases 
with decreasing wavelength 

length provides ;han f o r  t h e  l aye r  of haze 
information on %stern  Hemi-
the  s t ruc tu re  sphere 
of t h e  atmo-
sphere and on 
the  a l t i t u d e  
and nature of 
clouds and haze 

Polarimetry: m 
Degree of 
polar izat ion as 
a function of 
topography9 

wavelength, and 
phase angle; 
may be used f o r  

ltmospheric 
?ressure a t  t h e  
x r f a c e ,  about 
L m. Surface 
:overed with 
ninute opaque 
? a r t i c l e s  and 

Clouds consist  
a t  least  par-
t i a l l y  of trans-
parent p a r t i c l e s  
several  microns 
i n  size.  Water 
d rop le t s  and 

Surface apparently covered 
with small, quasi-opaque 
p a r t i c l e s ;  seasonal varia-
t i o n s  i n  degree of polari-
zat ion observed i n  t h e  dark 
regions, apparently due t o  
seasonal va r i a t ions  i n  

determining resembling c e r t a i n  minerals p a r t i c l e  size.  Polar izat ion 
(cont td) 
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TABLE 66 (conttd) 

Findings and Interpretat ions 
Method of 

Observation 

atmospheric 
pressure and 
nature of t he  
sca t te r ing  
pa r t i c l e s  

Spectroscopy : 
Visible and 
infrared spec
t r a  of re
f lec ted  or 
scat tered sun
l i g h t  provide 
the  following 
information : 
a)  	analysis  of 
chemical com
posi t ion of the 
atmosphere a t  
the  e f fec t ive  
s c a t t  ering 
l e v e l  as based 
on an iden t i f i 
cation of bands 
and l i nes ;  
b)  	temperature 
of t he  atmo
sphere near the 
e f fec t ive  scat
t e r ing  l e v e l  
according t o  
the in t ens i ty  
d i s t r ibu t ion  of 
ro ta t iona l  
l i nes ;  
c )  atmospheric 
pressure above 
the  e f fec t ive  
sca t te r ing  
level ,  accord
ing t o  l i n e  
broadening. 
Some informa
t ion  on chemi-

Mercury Venus 

lunar surface 	 roughly (but 
not ~ y ) 
agree with ob
served p o l a r  
i za t ion  curves 

The AX 1.57 and The C02 78x) d 
1.61 b bands i n  band indica tes  
t he  Mercurian var ia t ions  i n  
spectrum seem temperature and 
stronger than pressui-e; in-
t h e  t e l l u r i c  crease i n  pres

sure accom-
C02 content panied by in
1.5-35 m atm crease i n  tem

perature. Mean 
pressure, about 
1.5 a t m  a t  t h e  
l e v e l  where T 

300°K. Rela
t i v e  GO2 con
centrat ion 
about 2%. Chern
i c a l  nature of 
the  remaining 
atmosphere por
t i o n  unknown 
but apparently 
N2 plus a small 
quantity of A r .
smal l  amounts 
o f  H2O (about
lom2 gm cm-2) 
and GO (about
5 cm a t m )  
present 

Mars 

of polar  caps, white 
clouds, and haze on t h e  
morning l i m b  ind ica tes  
hoarfrost .  Polar izat ion of 
br ight  a reas  ind ica tes  
limonit e 

Relative volume concentra
t i o n  of OO2, from 10 t o  
50%. Chemical nature of 
t h e  remaining atmosphere 
portion unknown, but appar
en t ly  N2 and A r .  Traces of 
Ha0 absorption present. 
Absorption i n  the  8x)O d 
band indica tes  water vapor 
content of gm cm-”. 
Reflection spectra of polar 
cap near h 1.5 iL ind ica te  
f r o s t  but not so l id  COz. 
Spectrum of br ight  areas  
f i ts  limonite 

(cont td) 
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TABLE 66 (conttd) 

Method of 
Observation 

c a l  composition 
of surface and 
cloud l aye r  
possible, but  
spec t ra l  charac 
t e r i s t i c s  of 
f l u ids  and 
so l ids  less 
c lear ly  associ
ated with chemi 
c a l  composition 
than those of 
gases 

Spectra i n  the  
f a r  infrared,  
i.e.,  of natu
ra l  rad ia t ion  
of t h e  atmo
sphere, clouds, 
and surface, 
may provide in
formation on 
chemical com
posit ion,  tem
perature, and 
pressure, but 
t h e  data a r e  
d i f f i c u l t  t o  
i n t e rp re t  

Radiometry: 
Infrared: abso
l u t e  in t ens i ty  
measurement s 
with wide f i l 
t e r s  i n  t h e  
8-14 p op t i ca l  
Window and i n  
other windows 
give tempera
t u r e  of t h e  
radiat ing 
layer  

Mercury 

Ibservations of 
;he na tura l  
:mission spec-
;rum i n  the  re-
:ion hh 2-4 v 
nd ica t e ,  near 
lerihelion, a 
:olor tempera-
Lure of -670'K 
tnd a bright-
less tempera
;ure of -63OoK 
i t  t h e  subsolar 
)oint 

lean tempera
;ure i n  t h e  
3-13 p window 
i t  t h e  subsolar 
jointd TB = 

600 K. Fa i r ly  
road  varia
;ions due t o  
w b i t a l  eccen
; r i c i ty .  No 
lata ava i lab le  
)n the  uni l lu
h a t e d  hemi
sphere 

Findings and Interpretat ions 

Venus &rs 

Discovery of an Cog absorption bands 

absorption band h 10.4 and 9.4 p 

a t  h 11.2 p 

with a time-

variant  i n t  ensi

ty.  Tentatively 

i den t i f i ed  as 

( ~ 3 0 2 ) ~o r  car
bonates. COZ 
bands ex is t ing  
i n  the  region 
hh 8-13 p, not 
detected i n  
Venusian spec
trum 

Brightness tem- All observations within 

perature 220 t o  t h e  region hh 8-13 p. Mean 

240% i n  t he  annual temperature averaged

8-13 p Window, over t h e  e n t i r e  disk, 

same on i l l u - SO'K. -mum temperature 

minated and un- about 300 K. Diurnal equa

illuminated hemi- t o r i a l  var ia t ion  of t e e  

spheres except perature, 9O'K; seasonal 

f o r  t rans ien t  ( for  middle l a t i t u d e s )  vari 

temperature rise at ion,  60'K; 

probably due t o  

gaps i n  clouds. 

Marked l i m b  dark

ening. Isotherms 


(cont 'd) 
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TABLE 66 (cont'd) 

Findings and In te rpre ta t ions  
Method of ~ 

Observation Mercury Venus 

occasionally 
f la t tened  to-
ward equator. 
Thermal char ts  
i nd ica t e  dis-
c re t e  cold and 
hot regions. In 
t h e  3-4 IJ. window 
on t h e  dark s ide  
T B  = 236' f G0K. 

Kcravave: ab- \Tithin t h e  Brightness tem-
solu te  measure- 0.8-11 cm perature 
ments of mean 
brightness i n  
the  i n t e r v a l  
Ah 3 mm t o  

-ange, mean 
Irightne ss 
;emperat u r  es 
Ja.ried from 

350-400'K within 
the  Ah 3-10 mm 
range and 600'K 
within 

70 cm useful  200 t o  400'~. Ah 2-21 cm. A t  
f o r  determin-
ing  brightness 
temperatures a t  
ce r t a in  effec-

lependence of 
C on A or phase 
:ourse impos-
sible  t o  deter-

longer wave-
lengths, tenden-
cy of TB t o  de-
crease. Appar-

t i v e  rad ia t ion  nine within ently,  t h e  sur-
levels .  Pres- ;he e r ro r  face i t s e l f  
ence of absorp-
t i o n  compon-
ents  possible.  
Limb e f f ec t s  
may give infor-
mation on the  

Limits. Bright-
less tempera-
;ure of unil-
Luminated s ide  
Ln the  range
.A 3-11 em, 

rad ia tes  i n  the  
2-21 cm range. 
The high tem-
perature a t  
1.35 cm would 
ind ica te  t h e  ab-

mechanism of c ,  M ~>0-300'~ sence of sub-
generation s t a n t i a l  amounts 

of HzO i n  t h e  
laver  atmo-
sphere. Decrease 
i n  TB a t  m i l l i -
meter waves, 
most probably 
a t t r i bu tab le  t o  
an unidentified 
absorbing sub-
stance 

Radar: 
Delay time of 
re f lec ted  pulse 

:omparable i n  
3eflectance t o  

Reflectance 
near i n f e r i o r  

Observations i n  the  LLZ 

Ah 3-21 cm range give 

T B  M B O O K  


Reflectance comparable t o  
lunar (0.06). Reflection 

(cont 'd) 
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TABLE 66 (cont'd) 

Findings and Interpretat ions 
Method of 

Observation Mercury 

useful. not only ;he moon (0.06). 
f o r  determining Eotation 
distance t o  t h e  ieriod 59 f 7 
planet but a l s o  lays 
f o r  information 
on ro t a t ion  and 
t h e  surface 
character ac
cording t o  dura
t ion,  amplitude, 
and frequency 
spectrum of t h e  
echo. A su f f i 
c i en t ly  exten
s ive  ionosphere 
would influence 
amplitude and 
length of pulse 

Venus Mars 

conjunction, k = f a c t o r  of dark areas (at 

% 0.10 within h 12.5 cm), markedly above 

Ah 12-70 cm and disk-wide average. 

0.2 (with marked 

f luctuat ions)  a t  

Ah 6 and 7.8 mm; 

0.01 a t  h 3 cm. 

Rotation retro 

grade, with a 

period of a 8  + 


+ 7 days. In
c l ina t ion  of 
equator t o  t h e  
e c l i p t i c ,  < 10'. 
b r k i n g s  of high 
r e f l e c t i o n  coef
fi c i e n t  present 
on t h e  surface. 
Surface general
l y  smoother than 
on t h e  moon. 

2where g ( r )  i s  t h e  accelerat ion of gravity;  -
3 

w 2 r  i s  t h e  mean r a d i a l  compon- /332 
ent of t h e  cen t r i fuga l  force; M ( r )  i s  t h e  mass of t h e  i n t e r i o r  of a sphere of 
radius r; p(?) i s  the  equation of s t a t e .  The densi ty  d i s t r i b u t i o n  in s ide  an el
l i p so id  may a l s o  be reduced t o  t h e  same form i f  t h e  compression 8 i s  introduced 
i n t o  t h e  d e f i n i t i o n  of t h e  parameter r. 

Knowing t h e  function p(P)  and t h e  cen t r a l  pressure PO it i s  possible t o  un
ambiguously determine t h e  t o t a l  mass M and radius R of a planet. However, i n  
genera1,fixed values of M, R, and of t h e  equation of s ta te  may correspond t o  
various values of Po. A rough estimate of PO can be made on assuming t h a t  t h e  
densi ty  p of t h e  planet everywhere equals t he  mean p. In  t h i s  case, eq.(4.ll) 
y i e lds  

Since t h e  c r y s t a l  l a t t i c e  has a high compressive strength,  t h e  densi ty  can in
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crease only by a factor of a few units, even at pressures of millions of atmo
spheres. Thus, the estimate (4.13) gives values with an accuracy to within an 
order of 2. 

The lower limit of the central density Po can be obtained from the observed 
characteristics of a planet on assuming that its main mass is concentrated in a 
small core of radius a and density P O .  Then, the moment of inertia is 

and 
poa3= bR3, 

whence 


This estimate naturally presupposes a monotonic increase in density p toward the 
center. The Rado-Darwin classical theory shows that the factor of the moment of 
inertia is equal to 

where t is the rotation period; 8 = 
h - Rp is the equatorial compression. For 

R e  


a homogeneous sphere, f = 0.4. With the aid of eqO(4.15) it is possible to ob
tain the moment of inertia of a planet I. For determining the moment of inertia, 
the use of geometric compression should be replaced by dynamic compression which 
can be derived from an analysis of motion of satellites. An attempt to substi
tute into eq.(4.15) the geometric compression for Mars (-l/lOO) causes the quan
tity in parentheses to become lower than zero. The use of dynamic compression
(-1/190) yields a plausible value of f M 0.35. In the case of &rs, the value 
of the geometric compression is most likely influenced by the atmosphere, but 

even if that were not so it is more justified to use the dynamic compression

since it characterizes the planet as a whole rather than just its surface. 
Table 67 contains estimates of Po and P O  derived for planets ofthe terrestrial 
group with the aid of eqs.(4.13) and (4.14). No estimates of P O  for Mercury and 
Venus are available, since these planets lack satellites of their own so that 
their dynamic compression and moment of inertia are unknown. 

The heat flux from the earthts interior to the surface and the data on the 
heat conduction of rocks provide an idea of the earthts abyssal temperatures.
It was shown (Ref.386) that these temperatures reach 3000 - 5000'K in the earthts 
core and apparently nowhere exceed this limit. There is no reason to believe 

that the situation should be much different on the other terrestrial planets.

The change in density on a 1000-degree increase in heating is roughly the same 

as a change of lo9 dyne cmi2 in pressure, whereas the pressure at the earth's 

interior is close to 10l2 dyne Obviously, the temperature dependence of 
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pressure can be disregarded; t h i s  j u s t i f i e s  wri t ing t h e  equation of s t a t e  a s  p = 
= p (P) instead of t he  more general p = p(p, T), 'which grea t ly  f a c i l i t a t e s  t he  
problem. 

TABLE 67 

ESTIMATES OF CENTRAL PRESSURF, AND DENSITY FOR TI3RRESTFUAL 
PLANETS AND THE MOON 

___. .
I 

Mercury 3.24n102G 0.0543 G120OOO 2480 0.3895.1 - 0.220 -
Venus 4.86~1027 0.8137 408000 G300* 0.9505.23 - 1.28 -
Earth 5 . 9 8 ~ 1 0 ~ '  1 318000 6378 1 5.520.333 1.7 >1.32 
Mars 6.06~1026 0.1077 3088000 3414 0.5343.9 0.389 0.25 >1.04 
Moon 7.34~1026 0.0123 25800000 1738 0.2723.34 0.397 0.05 >1.01 

Earthquakes and powerful explosions generate seismic waves which, on under
going re f rac t ion  and r e f l ec t ion  deep a t  the  earth's i n t e r i o r ,  a r e  recorded on & 
seismographs. There e d s t  two basic  t.ypes of seismic waves: longi tudinal  or P 

and transv&se o r  S waves. Their veloci ty  depends, 
on t h e  state of t h e  medium in which they propagate. 
Transverse waves cannot propagate i n  f lu ids ,  s ince 
f l u i d s  do not r e s i s t  shear compression. When trans
verse waves a r e  recorded, it can be concluded t h a t  
t h e  l i thosphere i s  so l id  down t o  extremely great 
depths. However, ea r ly  in t h i s  Century it was  shown 
tha t ,  beginning with a depth of approximately 3000 km, 
t ransverse waves cannot propagate f a r the r  downward. 
Fromthis ,  it was concluded t h a t  a f l u i d  core exists 
within the  l i thosphere.  Later s tudies  showed t h a t  
within t h e  f l u i d  core i t se l f  the re  e d s t s  a denser 
and, most l i ke ly ,  so l id  innermost core (radius ap
proximately 1300 km).

1 . 

1&7 mfl3Rflfl4R05 5000 Rkm 
The ea r th t s  solid envelope i s  inhomogeneous -

Fig.142 Depth Depend- having a sharp discont inui ty  a t  a depth of 4.0 km 
ence of Pressure a t  t h e  (Mohorovicic boundary). The comparatively t h i n  sur-
Earthrs In te r ior ,  C a l - face zone above this boundary i s  termed the  crust .  
culated by Bullard from The region between the  Mohorovicic boundary and t h e  
Seismic Data (Ref ,387) l i qu id  (outer) core i s  termed the  mantle. The 

mantle also i s  inhomgeneous and divided i n t o  zones. 
One of t he  pr inc ipa l  i n t e r f aces  within the  mantle i s  

t h e  Golitsyn boundary (-400 km) which divides  t h e  mantle i n t o  upper and lower. 

273 



Figure 142 shows the  depth dependence of the  pressure i n  the  ea r th t s  i n t e r 
i o r ,  a s  calculated by Bullard from seismic data. Figure 14.3 gives the  analogous 
pressure dependence of density. Both curves have a marked in f l ec t ion  point a t  
t he  boundary between mantle and core and a l e s s  sharp i n f l e c t i o n  point a t  t h e  
Golits,yn boundary. These boundary surfaces  divide the  ear th  i n t o  three  regions
i n  each of which t h e  bulk modulus 

d Pk = p - 4 (4.16) 

can be represented by the  l i n e a r  dependence 

h- = a + bp, (4.17) 

where a and b a r e  constants. In  each of these  regions t h e  equation of s t a t e  & 
i s  

27 mantle. Another p o s s i b i l i t y  i s  t h a t  t h e  chemi-
B c a l  composition of t he  core does not d i f f e r  
6 from t h a t  of t h e  mantle ( s i l i c a t e s  of i r o n  and 

magnesium) and t h a t  t h e  discont inui ty  i s  due 

Consequently, t he re  i s  reason t o  believe t h a t  t h e  substance of t h e  mantle 
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has remained unchanged ever since t h e  ea r th  acquired i t s  present-day mass. It 
i s  not precluded tha t ,  or iginal ly ,  t h e  mantle had extended downward t o  t h e  very 
center of t h e  earth. Proceeding from t h i s  hypothesis, L i t t l e t o n  ( R e f  ,390) cal
culated t h e  e a r t h t s  radius f o r  t h e  primordial epoch. The equation of s ta te  w a s  
used i n  the form of eq.(4.18). He took t h e  constants a, b, P u  as calculated 
from seismic da t a  f o r  t h e  present-day mantle. The radius of t h e  f@rimordialff 
ea r th  w a s  then found equal t o  R’ = 6730 km, which i s  350 km (-5%) l a r g e r  than /336
a t  present. If t h i s  is indeed correct,  it would mean t h a t  t h e  dimensions of t h e  
ea r th  shrank i n  subsequent geologic epochs owing t o  t h e  formation of t h e  molten 
core. 

The compression of t h e  ear th  r e su l t ed  i n  folding of t h e  ea r th t s  crust ,  i.e., 
i n  orogeny. L i t t l e t o n  showed t h a t  t h e  mean a l t i t u d e  of t h e  mountains i s  esti
mated as 

where E i s  Youngts modulus ( I O E  dyne cm-”); P e  i s  t h e  densi ty  of t h e  crust  
(2.7 gm cm-3); g i s  t h e  accelerat ion of gravity;  ‘I?i s  t h e  contraction coeffi
c ient  [over t h e  surface area - (0.05)” = 0.0021. Substi tution of numerical 
values gives h w 2.5 km, which i s  i n  good agreement with t h e  t r u e  height of t h e  
earth’s mountains. 

Returning t o  Table 67, we see t h a t  a t  the i n t e r i o r  of &rs and Mercury the  
pressure a t  t h e  center PO i s  lower than a t  t h e  in t e r f ace  between mantle and 
molten core of t h e  ea r th  (cf. Fig.143). If &rs and Mercury had o r ig ina l ly  been 
formed of t h e  same mater ia l  as the  earth,  they must lack a molten core (and thus 
a l s o  must lack mountains on t h e i r  surface). Magnetohydrodynamic processes i n  
the  e a r t h t s  molten core a parently were t h e  source of i t s  magnetic f i e l d  [cf.  
f o r  example (Ref.391, 39371. Therefore, it must be expected t h a t  ne i the r  Mercury 
nor Mars have any appreciable magnetic f i e l d .  Venus resembles the  ea r th  i n  
mass and radius and thus must have a molten core and the  course of i t s  orogenic 
processes must resemble those of t h e  earth.  The low magnetic moment of Venus 
( l e s s  than 1/20 of t h a t  of t h e  ear th)  apparently i s  a t t r i b u t a b l e  t o  i t s  slow ax
i a l  rotation. 

L i t t l e t o n  (Ref.392) showed t h a t  t h e  hypothesis of i d e n t i c a l  composition of 
t he  i n t e r i o r s  of t h e  t e r r e s t r i a l  planets  holds a t  least  f o r  Mars and t h e  moon. 
The same equation of s t a t e  (4.18) w a s  used t o  calculate  a s e t  of models of t h e  
i n t e r n a l  s t ruc tu re  of Mars, assuming t h a t  it consis ts  of two zones: inner  and 
outer. The first zone w a s  calculated on t h e  bas i s  of t h e  parameters a, by  p u  
derived from seismic da t a  f o r  t h e  lower mantle of t h e  ea r th  and the  second zone, 
f r o m t h e  same parameters f o r  t h e  upper mantle. The mass of t h e  planet w a s  speci
f i ed ,  and various values of t h e  radius of t he  inner zone rc were taken. For 
rc  = 2800 km, t h e  radius of t h e  planet, t h e  density, and the  moment of i n e r t i a  
f i t  t h e  observations within t h e  e r r o r  limit. For t h e  moon, t h e  cen t r a l  pressure 
i s  lower than a t  t h e  Golitsyn boundary a t  t h e  e a r t h t s  i n t e r i o r  f o r  which reason 
a simpler single-zone model with parameters corresponding t o  t h e  e a r t h t s  upper 
mantle w a s  selected f o r  t h e  moon. The calculated lunar  radius then coincided &
with t h e  observed radius with an accuracy t o  within 1 km; a t  t h e  same time, cor
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rect values of mean density and moment of inertia were obtained. 


The mean density of Mercury seems too high for its size. Either it has a 
different chemical composition (for the possible reason that it was originally
formed closer to the sun than the other planets) or its mass and radius have 
been largely miscalculated. 

Early results by Jeffreys (Ref.393) and Bullen (Ref.394, 395), who assumed 

the existence of a small core in &rs, seem unconvincing. Bullen, for example,

employed the quadratic formula 


k = a + bp + cpz, 

which gave a model with an extremely l o w  concentration at the center, thus im
plying an unacceptably l o w  dynamic compression. To bypass this difficulty he had 
to assume a heavy core. However, it is difficult to understand why, considering
the relatively low central pressure characteristic of Mars, this planet should 
have a core if its interior structure resembles that of the earth, as is assumed 
in the theories of Jeffreys and Bullen. A linear representation of the pressure 

dependence of the bulk modulus does not lead to such a contradiction. 


b) Nature of the atmospheres. The mass of the earth's atmosphere accounts 
for approximately 1C"of the total mass of the earth. For Venus, this propor
tion is one order of magnitude higher and for &rs, one order of magnitude lower. 
The composition and origin of the atmosphere and lithosphere are closely inter
related. If the lithospheres of the planets of the terrestrial group are simi
lar, this is bound to result in a sMlarity of the characteristics of their at
mospheres, and observations indeed reveal a number of common features: For ex
ample, for the planets of the terrestrial group, complete or almost complete lack 
of hydrogen is typical, while in all COz has been detected. The hydrogen defi
ciency of planets of the terrestrial group is one of their more striking proper

ties. The sun, the stars, the interstellar medium, and the Jovian planets con

sist to 99% of hydrogen and helium. The amount $f carbon, nitrogen, and oxygen

in the.medium of the Universe is on the whole 10 times lower than the amount of 

hydrogen, while the iron and silicon content is 10 times lower. Thus, the ter

restrial planets are anomalous bodies with respect to their chemical composition.

A particularly distinct anomaly is represented by the earth and its oxygen-rich

oxidizing atmosphere. 


The chemical composition of the lithosphere has remained constant once its 
formationwas completed, whereas the atmosphere doubtlessly has changed. In 
fact, the composition of the atmosphere is influenced by numerous processes that 
play different relative roles on different planets and may have changed in the 
course of cosmogonic time. 


These processes include: m
1) dissipation of atmospheric gases;

2) liberation of gases from the lithosphere owing to volcanic activity;

3) dissociation of complex molecules owing to solar ultraviolet radia


tion;

4)chemical reactions between atmospheric gases and material of the 


crust; 
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5 )  	in te rac t ion  with t h e  biosphere (absorption of some gases, l ibera t ion  
of others) ;

6 )  accret ion of interplanetary medium. 

The rate of d i ss ipa t ion  depends on the  temperature of t he  exosphere and on 
the  parabolic velocity,  with the  l a t t e r  being determined by the mass and mean 
densi ty  of t he  planet. Table 68 presents the  l i fe t imes  of H, He, 0, N2, and CO 
i n  the  atmospheres of t he  planets  o f t h e  t e r r e s t r i a l  group, calculated $-om 
eq.(1.135). The temperature of t h e  Venusian exosphere i s  taken as 2000 K - some
what higher than the  ea r th t s  since Venus i s  closer  t o  t h e  sun. For Mars the  tem
perature of t he  exosphere w a s  taken as the  upper temperature limit, based on the 
f ac t  t h a t  oxygen i s  retained on t h a t  planet ( i n  t h e  form of CO2). A similar es
timate has a l so  been made f o r  Mercury. Note again t h a t  t h e  temperature of t he  
exosphere la rge ly  depends on the  phase of so la r  a c t i v i t y  and the  time of day; 
f o r  example, i n  the  ea r th t s  exosphere the temperature a t  night during the solar 
a c t i v i t y  minimum drops t o  700%. The d iss ipa t ion  r a t e  can be estimated on the  
bas i s  of maxi" temperature, but then it must be considered t h a t  t h e  correspond
ing  l i fe t imes  must be increased by roughly one order of magnitude. This cor
rec t ign  w a s  not made i n  Table 680 Moreover, extremely short  l i f e t imes  t o  
(510 years) do not seem r e a l i s t i c ,  since the  diff 'usion r a t e  of t he  upward-
transported molecules i s  limited. For comparison, Table 68 presents the  r e s u l t s  
of s imilar  calculations of t he  d iss ipa t ion  of hydrogen from the atmosphere of 
Jupi te r  assuming a d i s t i n c t l y  exaggerated temperature of Jupi ter ' s  exosphere 
(1000'KI. The d iss ipa t ion  r a t e  for  Mercury was calculated f o r  two d i f f e ren t  as
sumed temperatures and a l t i t u d e s  of t h e  c r i t i c a l  l e v e l  (cf. Sect.4.2). Note tha t  
the ident i f ica t ion  of COZ in t h e  spectrum of Mercury, on which these assumptions 
were based, must be considered tentat ive.  If t h i s  i s  not confirmed, the  tempera
tu re  a t  the  c r i t i c a l  l e v e l  may be higher. 

Table 68 shows t h a t  t h e  t e r r e s t r i a l  planets (unlike Jupi te r )  may have l o s t  
tremendous quant i t ies  of hydrogen and helium during the  l i fe t ime of t he  so la r  
system, and ind ica tes  t ha t  .during primordial times the  atmospheres of these 
planets  had been r i c h  i n  l i g h t  gases. A t  first glance, i t  seems probable t h a t  
the or ig ina l  composition of t h e  planets  of t he  t e r r e s t r i a l  group had been the 
same a s  tha t  of t he  sun and of t he  superior planets but t h e  d iss ipa t ion  of t h e  
l i g h t e r  gases from t h e i r  atmospheres had taken place a t  a more rapid rate ,  thus 
resu l t ing  i n  the present-day difference i n  t h e i r  chemical composition. T h i s  
view w a s  advocated, i n  par t icular ,  by Kuiper (Ref.307, 396), However, a l l  above 
estimates of t h e  time t o  were derived with t h e  a id  of eqO(1.13l+)which presup
poses tha t  t he  radius R C  of the  c r i t i c a l  l e v e l  and the  sca le  height H c  remain 
constant during the  diss ipat ion.  If t h e  d iss ipa t ion  of a la rge  portion of t h e  
e n t i r e  mass of a planet i s  involved, these conditions a r e  not s a t i s f i e d  and 
eq. (1.134) no longer applies.  1.S.ShJslovskiy (Ref.397, 398) showed tha t ,  i n  t h i s  
case, the l i fe t ime i s  v i r t u a l l y  independent of t he  o r ig ina l  mass of the  planet 
and very weakly dependent on temperature and tha t  - i n  any case - it i s  many or
ders  of magnitude higher than the  age of the  solar system. It is  t r u e  tha t ,  in 
addi t ion t o  conventional heat-induced dissipation, d i ss ipa t ion  due t o  corpuscular 
radiat ion a l so  may have played a major r o l e  in primordial times (Ref.396), but 
t h i s  mechanism has been l i t t l e  investigated,  and it i s  d i f f i c u l t  t o  assess  the  
extent t o  which it i s  r e a l l y  effective.  

It i s  probable t h a t  t h e  t e r r e s t r i a l  planets, unlike t h e  giant planets,  never 
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have been %hydrogen" planets, but it may be t h a t  a t  t h e  outset  of t h e i r  evolu
t ionary path t h e i r  atmospheres had been r icher  in hydrogen than they ' a re  now. 
Hydrogen i s  a powerful reducing agent and it is  known i n  t h i s  respect (Ref.399,
400) t h a t  it i s  ex;qctly in an atmosphere with reducing propert ies  t h a t  synthesis 
of complex organic molecules takes place most effect ively.  Conversely, i n  an 
oxidizing atmosphere, such as the  present-day terrestrial atmosphere, react ions 
of t h i s  type a r e  grea t ly  inhibi ted (Ref.400-402). Thus the  formation of t he  & 
t e r r e s t r i a l  biosphere i s  an ind i r ec t  argument i n  favor of an o r ig ina l ly  high con
t en t  of hydrogen i n  i t s  atmosphere. 

TABLE 68 

DISSIPATION RATE OF CERTAIN ATMOSPHERIC GASES 

Mercury . . . . son 2480 0.1 
r,oo 2000 -

Venus . . . . . 2090 BOO 10 
Earth . . . . . 1800 550 50 
Mars . . . . . 1000 1000 0.4 
J u p i t e r .  . . : . 1000 500 3xlOn0 

% 	For Jupi te r  t he  calculations a r e  based on eq.(1.135) which 
gives only the  lower limit of t o  f o r  r e a l  atmospheres. The 
ac tua l  values of t o  f o r  Jupi te r  a r e  many orders of magni
tude higher than a v e n  i n  the tab le .  

There ex i s t  geological data  pointing t o  a lower content of oxygen i n  the  
Archean gra compared w i t h  the  present. Thus, i n  sedimentary rocks of an age 
2 2 x 10 years, uranium oxides a r e  encountered exclusively in t he  form of UO2, 
whereas Us08 predominates i n  more recent rocks (Ref.403). @her similar in
stances exis t .  A t  t h e  same time, Chamberlain '(Ref.404) postulated t h a t  oxygen 
has always existed i n  the  e a r t h f s  atmosphere, even i f  i t s  quant i ty  i n  the  past  
may have been smaller than it i s  a t  present. T h i s  i s  indicated by the  Archeozoic 
i ron  ores (hematite, Fe203) 

The t r ans i t i on  from a reducing t o  an oxidizing atmosphere took place a s  a 
r e su l t  of t he  ac t ion  of two processes: photodissociation of H20 due t o  so la r  
u l t r av io l e t  radiation, and o r g a n h  photosynthesis. The former process probably 
predominated i n  the  past ,  whereas the l a t t e r  i s  now prevalens. The long-wave 
l i m i t  of $he dissociat ion conthuum of H20 i s l z lose  t o  1860 A. I n  the  region

-1A < 1860 A, the  flux of so la r  radiat ion i s  10 quanta cm-? sec and, h 
the  absence of other absorbing substances, a t o t a l  of lo1' molecules of water 
would be dissociated per second above each cm2 of t he  e a r t h f s  surface. 

Actually, however, the  r a t e  of photodissociation i s  many orders of magnitude 
l e s s ,  since strong Schuman-Runge bands and the  continuum of molecular oxygen 
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sh ie ld  this region of t h e  spe$trum. The amount of hydrogen l o s t  per  second owing 
t o  thermal d i s soc ia t ion  i s  10 t o  10' atoms cm-2. Obviously, t h e  rate of for
mation of oxygen molecules per second is12nly one-fou.:h as great.  Conversely, 
photosynthesis produces approximately 10 cm-2 sec molecules of 02. It i s  
c l ea r  t ha t ,  a t  present, t h e  photodissociation of HzO can be disregarded as a 
sourcz of oxygen. Photodissociation of H20 as w e l l  as of COz (long-wave limit, 
1760 A) may have played a r o l e  only as a mechanism of primordial accumulation of 
oxygen. 

TABLE 69 h!!& 
CONTENT OF 3NERT GASES I N  RELATION TO SILICON ON 

EARTH (FBF.405) AND I N  THE COSMOS (m.406) 

Se 20 1.IxlO-~O 8.lr10-1o 10 3%10-11 
Ar 3c* 2x10-~0 8r 1O-'o 0.1 3x10-0 
K r  84 G ,0x10-'2 4.4~10-1' 6x10-5 3x10-' xc 131 4.9s 3. Gr 3 x  10-O ~ x I O - ~  

" 	The isotope Ar4', which accounts f o r  99.7% of t h e  earth 's  
argon, i s  of radipgenic o r ig in  (decay of K?).'" The lower bound w a s  derived on taking only atmospheric gases 
i n t o  account; t h e  upper bound includes gases occluded i n  
rocks. It i s  assumed t h a t  t h e  r e l a t i v e  content of i n e r t  
g a s e s . a t  any depth i s  t h e  same as i n  the  crust .  

Of spec ia l  i n t e r e s t  i s  t h e  content of nonradiogenic isotopes of i n e r t  gases 
i n  t h e  earth 's  atmosphere. Owing t o  t h e  high atomic weight of i n e r t  gases and 
t h e i r  i n a b i l i t y  t o  en te r  i n t o  chemical reactions,  t h e i r  r e l a t i v e  and absolute 
content has probably remained constant ever s ince t h e  formation of t h e  earth 's  
atmosphere and of t h e  ea r th  herself .  Table 69 gives values of C - t h e  r a t i o  of 
t h e  t e r r e s t r i a l  content of rare gases t o  s i l i c o n  as a function of t h e  atomic 
number. S i l i con  w a s  selected,  because i t s  quant i ty  no doubt has remained constant 
ever since t h e  ea r th  has been formed. The t a b l e  a l s o  presents cosmic contents 
(c,) of i n e r t  gases, again i n  r e l a t i o n  t o  s i l i con .  

Table 69 i nd ica t e s  c l e a r l y  t h a t  t h e  terrestr ia l  content of i n e r t  gases i s  
much lower than i n  outer space: The values of F given in t h e  last column range 
from t o  These are designated as coe f f i c i en t s  of deficiency (or %o
e f f i c i e n t s  of fractionation1f).  The coe f f i c i en t s  of deficiency of t h e  i n e r t  gases 
systematically increase with increasing atomic weight. 

According t o  Kuiper (Ref  .307), t h e  deficiency coeff ic ients  can be repre
sented by t h e  empirical formula 
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-- 

ZogP(y) = -G.4-12.4e-o.065p 

o r  At  

F =Foe '@, 
where 

Equation (4.21) has exactly the  same form as eq.(1.134) f o r  t h e  r a t e  of thermal 
diss ipat ion.  Comparing eq. (4.22) with eq. (1.135), we have 

whence, on subs t i tu t ing  the numerical values of the  constants and put t ing R, = & 
= R, it follows 

where Me and R, a r e  the present-day mass and radius of t h e  earth. Thus, t he  cor
re la t ions  between t h e  deficiency f ac to r s  can be formally a t t r ibu ted  t o  the  ef
f ec t  of thermal diss ipat ion.  Putting M = MB, and R = R e  and taking, f o r  example, 
the Spitzer coeff ic ient  (cf. Sect.l.7) B = lo7 (as i n  t h e  contemporary te r res 
t r i a l  atmosphere), we have 

At =f04 years. 

Already a t  CL = 100, the  exponential term of eq. (4.20) ceases t o  play a sig
ni f icant  ro le  i n  the  deficiency coeff ic ient .  The absolute values of the  defi
ciency coeff ic ients  remain extremely l o w  (< ). Thus, thermal d iss ipa t ion  
alone cannot account f o r  t he  deficiency coeff ic ients .  It might wel l  be tha t  the  
thermal dissociat ion was augmented by hydrodynamic dissociat ion,  which elimi
nated a l l  aseous matter a t  t h e  same r a t e  regardless of atomic weight. Equa
t i o n  (4.23 7 i s  susceptible t o  t h e  most varied in te rpre ta t ions  [cf.  (Ref.40O)l: 

1) M = Me, R = Re, and T FZ: 10' O K .  I n  this case, e i t h e r  an intense corpus
cular  heating of the atmosphere occurred over a period of lo4 years o r  t he  lumi
nosi ty  of t he  sun had been much greater  i n  the  past  than it i s  now ( i n  the  same 
in t e rva l  of time). Modern theor ies  of s t e l l a r  evolution do not preclude such a 
poss ib i l i ty .  

2) Small mass of Protoearth of equal mean density. In  this case, eq. (4.23)
wi l l  be sa t i s f i ed  f o r  moderate temperatures of t h e  exosphere. This explanation 
would be sa t i s fac tory  i f ,  for example, t he  ear th  had come i n t o  existence by merg
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i n g  of bodies roughly as l a rge  as t h e  moon. There exist independent arguments 
i n  favor of t h i s  theory but, t o  avoid digression, we will not dwell on them here. 

3) Small mean densi ty  of Protoearth of equal mass: 

Lastly, it i s  not impossible t h a t  f ract ionat ion (5.e. , pre fe ren t i a l  d i s s i 
pation of l i g h t e r  gases) had occurred as ea r ly  as i n  t h e  pre-planetary stage. a 
I o k i p i i  (Ref.407), from t h i s  point of view, discussed t h e  cosmogonic hypothesis 
by Hoyle (Ref.408, 409). Hoyle's hypothesis, as i s  known, s t i p u l a t e s  t h a t  t h e  
t ransport  of angular momentum from t h e  sun t o  the  protoplanetary nebula i s  due 
t o  t h e  intermediary of a magnetic f i e ld .  During break-up of t h e  protoplanetary 
nebula, t h e  neu t r a l  and ionized atoms would escape f r o m t h e  Protosun in t h e  plane 
of t h e  ec l ip t i c .  Ionized atoms would be captured by t h e  magnetic f i e ld .  The 
lower t h e  ionizat ion po ten t i a l  t h e  h i  her t h e  probabi l i ty  of capture, SO t h a t  
elements of low i on iza t ion  po ten t i a l  7metals) would concentrate chief ly  i n  t h e  
c e n t r a l  portion of t h e  protoplanetary nebula. It i s  known t h a t  i n e r t  gases have 
high ionizat ion potent ia ls ,  increasing i n  t h e  sequence Xe, Kr, A r ,  Ne. I o k i p i i  
showed t h a t  ambipolar d i f fus ion  i n  t h e  magnetic f i e l d  of t h e  protoplanetary 
nebula would account f o r  t h z  observed deficiency coe f f i c i en t s  i f  t h e  temperature 
of t h e  nebula were about 10 OK. 

The above demonstrates how important it would be t o  know t h e  content of in
e r t  gases i n  t h e  atmospheres of t h e  other planets. Their spectroscopic detect ion 
( i n  any case, i n  observations from t h e  earth's surface) does not seem feasible ,  
leaving as t h e  only possible method a d i r e c t  mass-spectrometric analysis  with 
t h e  a i d  of soft-landing interplanetary probes. 

If,  however, f r ac t iona t ion  did occur during the  formative stage of t h e  
planets  r a the r  than i n  t h e  protoplanetary nebula as assumed by Iokipi i ,  then it 
i s  c l e a r  t h a t  t h e  present-day main consti tuents of t h e  t e r r e s t r i a l  atmosphere 
could not have existed i n  gaseous fo rF  during the  formative stage of t h e  earth.  
I n  f ac t ,  f o r  nitrogen we  have F 2 10- and for  oxygen, 2 lo-" (even i f  consider
i n g  only t h e  atmospheric oxygen) although t h e i r  atomic weights a r e  lower than 
t h a t  of neon. It appears t h a t  t h e  contemporary atmosphere i s  of secondary origin,  
i.e.,  t h a t  it w a s  released by the  l i thosphere only af ter  t h e  ea r th  had already 
been formed. 

The l i b e r a t i o n  ,of N2, COa, and H2O from t h e  l i thosphere owing t o  volcanic 
a c t i v i t y  takes  place i n  a continuous process. Oxygen i s  not l i be ra t ed  d i r e c t l y  
s ince t h e  t e r r e s t r i a l  rocks are incompletely oxidized; instead, oxygen i s  pro
duced by photosynthesis. It i s  probable t h a t  throughout t h e  earth 's  geologic 
history,  t h e  composition and t o t a l  pressure of t h e  atmosphere underwent ce r t a in  
f luctuat ions.  However, t h e  presence of t r a c e s  of glaciat ion i n  ancient rocks 
(Ref.404) shows tha t ,  i n  t h e  past ,  no climate resembling t h e  Venusian had ever 
existed on earth. The amount of buried carbon dioxide bound i n  carbonates (and 
released by them i n t o  t h e  atmosphere) i s  extremely l a r g e  (approximately 10 kg

cm-2) but such an amount of CO2 has never been present i n  t h e  atmosphere a l l  
a t  once; i f  it had, it would have produced a strong greenhouse effect .  
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The question of t h e  accret ion of i n t e rp l ane ta ry  medium as a f ac to r  i n  t h e  & 
present-day formation of planetary atmospheres remains r e l a t i v e l y  uninvestigated.
The so la r  wind a t  a dis tance of 1a.u. gives a proton flux of N m  2 X lo8 cm-” 

sec -1 ; i f  w e  disregard the  e f f e c t  of magnetic f i e l d s  and assume t h a t  a l l  t h e  
s o l a r  corpuscles a r r i v i n g  a t  t h e  top of t h e  atmosphere get absorbed by t h e  atmo
sphere, then we may calculate  t h e  equilibrium densi ty  of hydrogen a t  t h e  c r i t i c a l  
l e v e l  w i t h  t h e  a id  of eq.(1.133) on pu t t ing  

where r i s  the  dis tance t o  t h e  sun. Here, i t  i s  assumed t h a t  none of t h e  other  
sources of hydrogen a r e  s ign i f i can t  factors .  Assuming the  values of T, and z c  
given i n  Table 69, t he  equilibrium dzns i t i e s  f o r  Mercury, Venus, and Earth are 
roughly the same3and a r e  close t o  10 ~ m - ~ ,while t h e  equilibrium densi ty  f o r  
Mars i s  about 10 ~ m - ~ .  

Exactly such an amount of hydrogen exists a t  t h e  c r i t i c a l  l e v e l  i n  the  
earth’s atmosphere, but t h i s  coincidence most l i k e l y  i s  accidental ,  since the  
magnetic f i e l d  d e f l e c t s  an overwhelming majority of t h e  s o l a r  protons. Studies 
of paleomagnetism [cf.  f o r  example (Ref.386)I show t h a t  t h e  earth’s magnetic 
f i e l d  has repeatedly changed i n  po la r i ty  so t h a t ,  i n  t h e  h i s t o r y  of t h e  earth,  
t he re  were times a t  which t h i s  f i e l d  passed through zero. Sagan (Ref.400) as
sumed tha t ,  during about 2% of i t s  e n t i r e  time of evolution, t h e  ear th  had no 
magnetic f i e l d .  I n  t h i s  case, t he  amount of hydrogen present i n  t h e  earth’s up
per atmosphere could not be a t t r i bu ted  t o  accretion, whereas even such a small 
proportion of time would su f f i ce  t o  account f o r  t h e  helium content. Assuming a 
10% helium content, we have a mean flux 

-
N~~ = 2x10*x0.~ 
x 0.02 = 4 x 105em-2 sec-l, 

which i s  close t o  t h e  amount l o s t  by thermal diss ipat ion.  According t o  Table 68, 
t o  = lo7 years6for helium. Altogether, t h e  atmosphere contains 10”’ cm-” helium 
atoms-$5 x 10- by volume), so t h a t  t h e  d i s s ipa t ing  flux i s  N = 3 x lo5 cm-” 

sec . Estimates of t h e  rate of re lease of helium from t h e  earth’s i n t e r i o r  
give approximately lo6 cm-2 sec -1 (Ref.410). 

On Mercury, Venus, and b r s  the re  apparently i s  no magnetic shield and t h e  
accret ion of interplanetary plasma i n  t h e i r  atmospheres may be t h e  pr incipal  
source of hydrogen and helium i n  the  upper layers of t h e i r  atmospheres. The pos
s i b i l i t y  of an accret ion of so l a r  wind i n  t h e  Mercurian atmosphere w a s  first men
tioned by N.A.Kozyrev (Ref.385). The accret ion of i n e r t  gases over t he  in t e r 
mediary of t h e  so l a r  wind i s  in s ign i f i can t  - a t  l e a s t  i n  t h e  earth’s atmosphere. 

Apparently, t h e  accret ion of meteorit ic matter i n  the  contemporary epoch 
a l s o  plays a r o l e  i n  t h e  formation of t h e  atmosphere. Rocket and a r t i f i c i a l  & 
s a t e l l i t e  s tudies  of micrometeorites showed t h a t  t h e  a c t u a l  r a t e  of accret ion of 
meteorit ic matter may be extremely high, much higherEthan had been assumed ear
l i e r .  It i s  not precluded t h a t  t h i s  r a t e  a t ta ins  10 tons daily,  with t h e  over
whelming majority of t h i s  matter being captured by t h e  atmosphere. If these 
estimates a r e  correct,  then t h e  accret ion of meteorit ic matter plays an enormous 
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r o l e  i n  the  balance of our atmosphere (agd of t he  atmospheres of the  other planets  
of t he  t e r r e s t r i a l  group): In lo7 t o  10 years, t he  atmosphere would become'aug
mented by a mass equal t o  i t s  present-day mass. 

T i l l e s  (Ref.400) showed tha t  t he  accret ion of heavy gases, promoted by inter
planetary dust,  m y  take  place Much more e f f e c t i v e l y t h a n  t h e  dh-ect accretion 
from so lar  plasma. I 

Thus, we a r r ive  a t  t h e  conclusion tha t  t h e  r o l e  of various fac tors  inf lu
encing t h e  formation of planetary atmospheres i n  many cases requires  fur ther  
t heo re t i ca l  research and new observational data. So f a r  we can answer only cer
t a i n  spec i f ic  questions, while i n  general t he  problem of t h e  or ig in  of t he  plane
t a r y  atmosphere i s  f a r  from solved, and surpr is ing discoveries i n  t h i s  respect 
can be expected. 
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CHAPTER V 

THE GIANT PLANE3’S 

Section 5.1 Introduction 

The giant p l ane t s  - Jupi ter ,  Saturn, Uranus, and Neptune - largely resemble 
each other  and markedly d i f f e r  from t h e  p l ane t s  of t h e  terrestr ia l  group. Their 
masses g r e a t l y  exceed t h e  mass of t h e  e a r t h  and amount t o  - Ma, w h i l e  
conversely t h e i r  mean dens i t i e s  are lower than  those of t h e  terrestrial  planets,  
ranging from 0.7 gm f o r  Saturn t o  2 gm cm-3 f o r  Neptune. Correspond
ingly, t h e i r  radii  a r e  comparatively long, with t h e  equa to r i a l  radius of Jup i t e r  
being Re = l l . 2  Rf. A l l  these planets  r o t a t e  rapidly; t h e i r  periods range from 
roughly loh t o  15 . The rapid r o t a t i o n  i s  associated with a pronounced equa
t o r i a l  compression. The parabolic veloci ty  and g rav i ty  on p l ane t s  of this kind 
are such t h a t  t he re  i s  v i r t u a l l y  no escape of hydrogen and, a f o r t i o r i ,  of 
helium from t h e i r  atmospheres (cf .  Table 68). Hence it is conceivable t h a t  on 
t h e  giant  planets  t h e  composition and extent of t h e  atmosphere have remained us1
changed ever since t h e  s o l a r  system first came i n t o  existence; i n  other words, 
they retained t h e i r  primordial  atmosphere. The depth of t h e  gaseous atmospheres 
of t h e  giant  planets  i s  extremely large, a t t a i n i n g  a t  least lo3 km. It i s  not 
excluded t h a t  this accounts f o r  a s ign i f i can t  proportion of t h e  planetary radius.  
Along with t h e  gaseous component t h e  atmospheres of t h e  giant  planets  contain 
large aerosol  formations (clouds5 . Owing t o  t h e  considerable distance from t h e  
sw, t h e  amount of heat received from t h e  sun i s  small and the re  exist grounds 
f o r  assuming t h a t  t h e  i n t e r n a l  heat flux plays a n  appreciable r o l e  i n  t h e  thermo
dynamics of t h e  atmospheres of these d i s t a n t  planets .  

The giant planets  are r e l a t i v e l y  l i t t l e  invest igated compared with t h e  
p l ane t s  of t h e  t e r r e s t r i a l  group. The obstacles t o  t h e i r  i nves t iga t ion  are due 
both t o  t h e  great dis tances  (poor spatial  resolut ion)  and t o  t h e  r a d i c a l  dif
ference between t h e i r  p r i n c i p a l  physical  cha rac t e r i s t i c s  and those of t h e  ter
restrial  planets,  a difference which prevents r e so r t ing  t o  analogies with t h e  
ear th .  Jupiter, t h e  nearest of t h e  giant  planets ,  i s  r e l a t i v e l y  t h e  best-
invest igated of t hese  p l ane t s  and may be considered as t h e i r  t y p i c a l  representa
t i v e .  Hence these are sometimes termed Jupiter-type p l ane t s  o r  Jovian planets .  
The major port ion of this Chapter deals  with t h e  r e s u l t s  obtained on Jupi ter ,  
s ince  we know more about it than about t h e  three other  giant  p l ane t s  taken 
together.  

Jup i t e r  moves i n  a n  o r b i t  whose semimajor a x i s  has a length of 5.2028 a.u. 
and a f a i r l y  large eccen t r i c i ty  - 0.04.83. A t  i t s  mean dis tance from t h e  sun, 
J u p i t e r  receives 27 times l e s s  energy p e r  un i t  area than  t h e  earth.  Its s i d e r e a l  
period i s  11.86 years and i ts  synodic period, 398.9 days. 

The l i n e a r  equa to r i a l  radius of this p lane t  i s  Re = 71,800 f 100 km accord
ing t o  a survey ofmicrometricand heliometric observations made by h b e  
(Ref.412). The po la r  radius i s  Rp = 67,900 f 120 Jan. 



Allen's manual ( R e f  .88) gives a radius  Re d i f fe r ing  subs tan t ia l ly  from 
that derived by Rabe: 71,350 km,without specifying t h e  probable error .  T h i s  
value i s  given i n  t h e  annual publications and was  obtained a l so  by Sampson from 
observations of sa te l l i t e  occultations.  Struve, who observed occul ta t ion of t h e  
star BD 6'6191, found Re = 71,470 km. It i s  unclear which method t o  prefer .
For t h e  t h e  being, we can only mention t h e  existence of a systematic dis
crepancy, reaching 500 km. 

The compression of Jupi te r  i s  E = 0.061. The compression derived from 
d i r ec t  measurements of t h e  angular diameter v i r tua l ly  coincided with t h e  com
pression derived from t h e  motion of t h e  satel l i tes .  

The m a s s  of Jupi ter ,  according t o  t h e  findings of.Newcomb, which were ad
justed t o  a lower figure by Clemence (Ref.2), i s  equal t o  

while t h e  mean densi ty  i s  

The inc l ina t ion  of t h e  equator t o  t h e  o rb i t  i s  extremely s l igh t ,  being 
3'05'. Manifestations of seasonal changes a re  Vir tual ly  absent on Jupiter. The 
accelerat ion of grav i ty  a t  t h e  equator ( g o  = 2360 cm sec-") i s  markedly smaller 
than a t  the  poles (g, = 2600 cm secm2) owing t o  t h e  rapid ro ta t ion  and con
siderable  compression of this planet .  We win assume g = 2500 cm * sec'2 i n  our 
calculat ions of t h e  physical  charac te r i s t ics  of t h e  atmosphere. The markings 
observable on t h e  disk have t o  do with the  cloud cover, but they include a suf
f i c i e n t l y  large number of compact and pe r s i s t en t  formations t o  be used as poin ts  
of reference f o r  determining the  period of ro ta t ion .  Since atmospheric currents  
whose veloci ty  may d i f f e r  a t  d i f fe ren t  l a t i t udes  a l so  contribute t o  the  observed 
ro t a t iona l  e f fec t ,  it i s  natural t o  expect t h a t  t h e  mean period thus derived will 
somewhat depend on t h e  la t i tude ,  and thLs indeed i s  the  case. A.A.Belopol'skiy 
(Ref.413) established t h a t  the  spots i n  the  equator ia l  zone within t h e  limits 
of t he  l a t i t udes  4~5" have a ro t a t ion  t e r i o d  of 9h50mwhereas within t h e  lati
tudes from 10 t o  45" this period i s  9 55". The ro t a t iona l  speeds a t  various 
l a t i t udes  w i l l  be considered i n  greater  d e t a i l  i n  t h e  next Section. The perio
d i c i t y  of t he  bursts of Jupi ter ' s  radio emission i n  thedecaneterwave range i s  
close t o  t h e  ro t a t ion  period i n  t h e  temperate l a t i t udes  without being exactly 
equal t o  it. 

I n  this connection, three longitude s stems have been adopted t o  denote co
ordinates on Jupi ter :  system I (equatorialy;  system I1 ( f o r  temperate l a t i t udes )  
and system I11 (according t o  bursts of decameter radio emission); t he  correspond
ing  s ide rea l  periods are 

I 9" 50" 30".003 
I1 9 55 40. 632 

I11 9 55 29. 37. 
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The i n i t i a l  meridians f o r  t hese  systems were selected conditionally and are not 
associated with any d e f i n i t e  markings observable on t h e  disk.  A t  t h e  instant of 
2397, July l4.00, J u l i a n  day 2kl4120.0,the i n i t i a l  meridian of t h e  system I had 
t h e  longitude 4 3 O . 3 1 ;  t h a t  of t h e  system 11, t h e  longitude 96O.58; t h e  i n i t i a l  
meridian of t h e  systems I11 and I1 coincided on January 1, 1957 a t  Oh Greenwich 
time. Latitudes and longitudes on Jup i t e r  are termed zenographic (from Zeus, 
t h e  Greek name of t h e  planet) .  

The theory of t h e  i n t e r n a l  s t ruc tu re  of Jupiter implies that t h e  bulk of 
t h e  planet i s  i n  t h e  s o l i d  state, which na tu ra l ly  raises t h e  question as t o  
which of t h e  above periods i s  c loses t  t o  t h e  period of r o t a t i o n  of t h e  so l id  
body of t h e  planet .  It may be expected t h a t  near t h e  equator t h e  atmospheric 
currents have a g rea t e r  inf luence on t h e  r o t a t i o n a l  veloci ty  of t h e  spots. If 
t h e  radio emission source i n  t h e  decameter range i s  associated with a so l id  
surface ( d i r e c t l y  o r  over a magnetic f ield),  t hen  t h e  period i n  t h e  system I11 
m u s t  be taken as t h e  %rue11 period. T h i s  i s  indicated by t h e  exceptional sta
b i l i t y  of t h e  period of r e p e t i t i o n  of t h e  radio bursts. 

Reese (Ref .4&) attempted t o  derive t h e  probable longitude of t h e  source 
of perturbations (%olcanoll) and its r o t a t i o n  period on t h e  basis of observa
t i o n s  of bursts of o p t i c a l  a c t i v i t y  i n  t h e  South Equator ia l  Belt. Making use 
of t h e  data  on five disturbances of this kind (between 1919 and 1952) he derived 
a period of 9h55"@ .66, close t o  t h e  system 11, but t h e  differences between t h e  
observations and t h e  calculated pos i t i on  of t h e  source i n  t h e  longitude system 
with this new period are as great  as &loo, which exceeds t h e  observational e r r o r  
[c f .  (Ref.415)l. 

The Visual stellar magnitude of J u p i t e r  at mean opposition i s  -2".4 and a
i ts  geometric albedo, 0.&5 (Ref.66). Since t h e  phase angle of Jup i t e r  var ies  
within limits of only U0,a determination of t h e  phase i n t e g r a l  from observa
t i o n s  seems impossible. A s  w i l l  be demonstrated below, t h e  atmosphere of 
Jupiter,  from t h e  o p t i c a l  point  of View, can be considered as a semi-infinite 
atmosphere without constraints .  A t  i sotropic  sca t t e r ing ,  such an atmosphere 

gives Q = 1.45 i f  a = o +  = 1.0 and Q = 1.52 if a = 0.95 - 0.97, which cor

responds t o  r e a l i t y .  Harris increased t h e  value of & t o  1.60 i n  order t o  allow 
f o r  a probable anisotropy of sca t t e r ing .  Then A, = 0.71, which i s  close t o  t h e  
corresponding value f o r  Venus. Kgh  albedos a r e  t y p i c a l  of any planet having 
an op t i ca l ly  th i ck  atmosphere. 

Section 5.2 	 Markings and Phenomena Obserxable on 
t h e  Disk of Jwiter 

The d i sk  of Jup i t e r  (Fig .w) is s t r i a t e d  with dark-reddish b e l t s  (some
times termed s t reaks) .  The i n t e r v a l s  between t h e  belts are termed zones. The 
ove ra l l  p a t t e r n  of d i s t r i b u t i o n  of t h e  b e l t s  and zones and t h e i r  shape, contrast, 
and f i n e  s t ruc tu re  vary i n  t i m e .  Various authors used d i f f e ren t  no ta t ions fo r  
t h e  b e l t s  and zones. Henceforth, we shall employ t h e  nomenclature given i n  
t h e  monograph by t h e  B r i t i s h  amateur astronomer Peek (Ref 4 1 5 )  which represents

/350 
t h e  most exhaustive survey of t h e  markings and phenomena observed on t h e  d i sk  of 
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Fig .UJ+Photographs of Jupi te r  Acquired with a Record-High 
Resolution (0'' .25) a t  t h e  Pic du Midi Observatory (Ref  4.15).
P r in t  scale:  1" - 2 nun. Left photograph taken on Nov.22, 
1964. a t  23h25m;r igh t  photograph, on Nov.25, 1964. at O h O Y ,  
yellow f i l ter ,  0' .8 exqosure. Real var ia t ions i n  the  

"microstructure'l of t h e  belts and zones are discernible .  
Right top: t h e  Great Red Spot. 

Jupi te r .  It i s  worth noting t h a t  observations of Jupi te r  by amateurs (some of 
which, such as Peek's own studies,have been carr ied out systematically over tens 
of years) are t h e  most important source of information on t h e  changes observable 
on the  disk of this planet .  Owing t o  t h e  excep t iona lb  large angular dimensions 
of i t s  d isk  and i ts  p r inc ipa l  markings, Jupiter i s  much easier t o  observe than, 
f o r  example, Mars and in t e re s t ing  r e s u l t s  can be obtained with small amateur 
instruments even under the  mediocre ast rocl imat ic  conditions charac te r i s t ic  of 
t h e  B r i t i s h  Isles or t h e  Moscow Fkgion. 

S . S .  Temperaie  Zone 
( S S T Z )

S .  Temperate  Zone 
S .  T r o p i c a l  Zone 

E q u a t o r i a l  Zone 

N .  T r o p i c a l  Zone 
N .  Temperate  Zone 
N . N .  Temperate  Zo 

/NNTZ) 

G r e a t  Red Spot  

j. 
-5'. P o l a r  Reg ion  

S. E q u a t o r i a l  B e l t  

Fig.&5 Nomenclature of B e l t s  and Zones on Jupi ter .  

The p r inc ipa l  markings and t h e i r  nomenclature are given i n  Fig.&5 (compare 
with Fig.U.4). Along t h e  equator extends the  br ight  Equatorial  Zone (E.Z.). A t  
i t s  center  a t h i n  dark streak is  occasionally observed. Dark belts are located 
on both s ides  of t h e  Equatorial  Zone: t h e  South Equatorial  B e l t  (S.E.B.) and t h e  
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North Equatorial  B e l t  (N.E.B.). The South Equatorial  Belt consists,  as a rule,  
of two components - t h e  northern and t h e  southern (N. comp. S.E.B. and S. comp. 
S.E.B.). Other belts a l s o  o f t e n  have two components. North of t h e  N.E.B. l i es  
t h e  North Tropical Zone (N. 7 5 - 0 ~ .  Z.) and beyond this t h e  North Temperate Belt 
(N.T.B.). North of t h e  N.T.B. t h e  belts N.N.T.B.; N.N.N.T.B.; and so on, can 
be discerned. The i n t e r v a l s  between these belts are termed N.N.T.Z.; N.N.N.T.Z.; 
and so on. A s  t h e  latitude increases,  t h e  contrast  between t h e  zones and /351

belts decreases and near 45’ the re  

Fig.l!+6 Photographs of Jupiter i n  Blue 
(Right) and Red ( I e f t )  Light. 

On t h e  red photograph, t h e  bel ts  show 
g rea t e r  contrast ;  t h e  contrast  of t h e  

‘ 
South Equatorial  B e l t  i s  p a r t i c u l a r l y  

d i s t i n c t  

reddest of a l l  t h e  other belts ( l 3 g . u ) .  

commences t h e  Polar  Region with 
its uniform gray coloration. 

A similar s t ruc tu re  i s  dis
played by t h e  Southern Hemisphere, 
but this has c e r t a i n  features of 
i t s  own. I n  t h e  South Tropical 
Zone, an oval-shaped more o r  less 
dark object - t h e  Great Red Spot 
(G.R.S.) i s  discernible  around 
which t h e  southern boundary of 
S. COQ. S.E.B. C”S back form
ing t h e  so-called Red Spot Hollow 
o r  Bay. The Spot sometimes fades 
u n t i l  completely inv i s ib l e ,  but 
t h e  Bay always remains observable. 
Between t h e  years 1901 and 1940, 
a darkening of p a r t  of t h e  S. Trop 
2. had been observed. T h i s  darken
ing  was  termed t h e  South Tropical 
Disturbance. The N.E.B. i s  t h e  

Normally. t he re  are four  main belts and five zones on Jupi ter ,  but t h e i r  
number may increase o r  even decrease a t  t i m e s .  For example, t h e  S.E.B. peri
od ica l ly  becomes very blurred w h i l e  t h e  N.E.B. and N.E.Z. shift southward. The 
f i n e  s t ruc tu re  of t h e  belts and zones (dark and bright spots, IlbaysIl and promon
to r i e s ,  e tc . )  varies t o  an even greater  e x b e d .  Isolated formations of this 
kind may p e r s i s t  f o r  months and years (a  record of constancy i s  held by t h e  
Great Red Spot and t h e  Red Spot Hollow), but i n  some cases t h e  changes a r e  of a 
catastrophic nature and may occur a t  enormous speeds so t h a t  t h e  appearance of 
d i s c r e t e  markings as much as lo4 lan i n  extent may change within lo3 sec. Along 
with t h e  var ia t ions i n  contrast ,  shape, and pos i t i on  of t h e  markings, the re  are 
a l so  var ia t ions i n  t h e i r  color. 

The pe r iod ic i ty  of var ia t ions i n  t h e  l a t i t u d e  and width of t h e  belts has /352
been investigated by many authors [see, e.g., (Ref .6, 415-418)l. Table 70 and 
Fig.l47 give t h e  r e s u l t s  obtained by Focas (Ref .418) from an analysis  of v i sua l  
and photographic observations from 1885 t o  1961. A period of 12-16 years i s  
typical ,  but t he re  a l s o  exist i so l a t ed  sharp deviations: The southern edge of 
t h e  S.E.B. and t h e  northern edge of t h e  N.E.B. d isplay a shor t e r  period of varia
t i o n  i n  l a t i t u d e  (about 5 years).  With respect t o  t h e  N.E.B., this finding was 
confirmed by MourZo (Ref 4.19) who established t h a t  t h e  width of t h e  belt varies 
with a period of 4 - 6 years. A broad belt encompassing t h e  e n t i r e  l a t i t u d e  
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TAEEJ3 70 region from the  northern boundary of 
t h e  N.E.B. t o  t h e  southern boundary 

PF,RIODICITY OF VARIATIONS I N  of t h e  S.E.B. occasionally forms along 
LATITUDE OF EEmS ON JUPITER t h e  equator. Such a phenomenon was  

observed i n  1878-1879 and it recurred 
~ 

P e r i o d ,  L a t i t u d e  i n  1962-1963 (Ref .420-42J-). T h i s  
B e l t  y e a r s  Va r i  a t  i o n  indicates  t h e  possible  existence of an 

- a c t i v i t y  cycle l a s t ing  about 90 years. 
Southern Hemisphere The concept of a c t i v i t y  on Jupi te r  in-

S . S . ' I - . D .  . . . . . 12-1.5 6-8O cludes t h e  shape and contrast  of t h e  
S . T . B . .  . . . . . 14-16 3-4 belts, t he  presence of rapidly sh i f t i ng
S.E.B. south.  edge 4-6 3-4 spots, e tc .  During maxi" ac t iv i ty ,Equator ia l  Zone 
S.E.B. north .  edge 12-IF 3-4 t h e  cpntrast  i s  grea tes t ;  blobs of 
N.E.B. south.  edge 12-IG 3-4 dark and br ight  matter are c l ea r ly

Northern Hemisphere 
N.E.B. north.  edge 3--r, 3-6 discernible  i n  t h e  belts, and rapid 
s.rr. 13.. . . . . . . lo-lfk 3-4 movements a re  of ten  observed. Focas 
N. h'. T.B. . - - - * 12? 4-8 found t h a t  a c t i v i t y  minima recur once 

every 20 - 22 years, but it was exact
l y  i n  1962, when the  next decrease i n  
a c t i v i t y  had been emected. t h a t  in

tense perturbations were observed that changed the  appearance bf the'disk.  

A s  mentioned above, ro t a t ion  periods determined according t o  long-enduring 
spots are grea te r  i n  t h e  temperate l a t i t udes  than i n  t h e  equatorial .  T h i s  
po in t s  t o  a ce r t a in  - but far  from c o q l e t e  - analogy with the  sun. On t h e  sun, 

t h e  d iurna l  displacement of spots  i s  a 

__. .  1 m u  m a  zua ;Y>O 7i70 794~79.50 IJKJ 
L~~ ,,Phil l cps-r---F,,cas--

P i c  P l a c i d i s  

Fig.&? Variations i n  Latitudes 
of t he  Bands. 

smooth function of t he  l a t i t ude  cp. It 
amounts t o  

E := 14O.38 -2".% sin2cp. 

For Jupiter,  no such smooth function 
can be selected.  The e w a t o r i a l  mark
ings generally shift more rapidly,  but 
t he  greatest  ve loc i t i e s  are observed a t  
t h e  l a t i t ude  +23' (Table 70) .  The ve
l o c i t y  d i s t r ibu t ion  outside the  equa
t o r i a l  region displays an irregular 
pa t t e rn  and differs i n  the  Northern and 
Southern Hemispheres. Prolonged' obser
vations show that the  rate of motion of 

t h e  long-enduring markings abruptly changes with la t i tude ,  w h i l e  remaining con
s t a n t  within ce r t a in  more o r  less narrow l a t i t ude  ranges. T h i s  po in ts  t o  t h e  
existence of ce r t a in  atmospheric fluxes directed along t h e  pa ra l l e l s .  The con
cept of these fluxes o r  currents was introduced by t h e  Br i t i sh  amateur astronomer 
W i l l i a m s  (Ref ,422) and is now generally accepted. The l a t i t u d i n a l  loca l iza t ion  
of t h e  currents i s  more stable than  t h e  loca l iza t ion  of t h e  belts, and t h e  
boundaries of t h e  currents  do not always coincide with t h e  boundaries of t h e  
belts and zones. Rotation periods corresponding t o  t h e  various currents are 
given i n  Table 71, which was taken from Peek's monograph (Ref .41.5). On t h e  whole, 
t h e  ro t a t ion  period of t h e  Southern Hemisphere i s  somewhat' shor te r  than t h a t  of 
t h e  Northern. Peek's book presents  de ta i led  data  on t h e  morphological features 
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TABLE 71 


ATMOSPHERIC CURRENTS OBSERVABLE ON THE D I S K  OF J U P I T E R  


P o s i t i o n .  a n d  D e s i g n a t i o n  
o f  Cur- ren t  

N o r t h  P o l a r  C u r r e n t  

N.N.N.  T.B. ( T e m p e r a t e  C u r r e n t  
N.N.N.) 

N.N.T.B. andN.N.T.Z.  (N.N. 
l ' empera te  C u r r e n t  B) 

S o u t h e r n  e d g e  o f  N.N.T.B. (N.1 
T e m p e r a t e  C u r r e n t , B )  

N o r t h e r n  e d g e  of N.T.B. a n d  
s o u t h e r n  e d g e  o f  N.T.Z. 
( N o r t h  T e m p e r a t e  C u r r e n t  A) 

C e n t e r  of N.T.B. ( N o r t h  
T e m p e r a t e  C u r r e n t  B) 

S o u t h e r n  e d g e  o f  N.T.B. (Nortt
T e m p e r a t e  C u r r e n t  C )  

N.T.Z. and  n o r t h e r n  p a r t  o f  
N .  E.B. ( N o r t h  E q u a t o r i a l  

Cu r r e n  t )  

C e n t e r  o f  N.E.B. 
1898- 1900 
1927-1940 

S o u t h e r n  e d g e  o f  N. E.B. and  
n o r t h e r n  e d g e  o f  E. Z. 
( n o r t h e r n  b r a n c h  o f  G r e a t  
E q u a t o r i  a1 C u r r e n t  

C e n t e r  o f  Z.E. ( m i d d l e  b r a n c h  
o f  G r e a t  E q u a t o r i a l  C u r r e n t )  

N o r t h e r n  e d g e  o f  S.E.B. and 
s o u t h e r n  e d g e  o f  E.Z. 
( s o u t h e r n  b r a n c h  o f  G r e a t  
Equ a t o  r i  a1 C u r r e n t )  

S o u t h e r n  e d g e  o f  S.E.B. 
( n o r m a l  s p o t s )  

S o u t h e r n  e d g e  o f  S. E. 6. 
( n o r t h e r n  b r a n c h  o f  
C i r c u l a t i n g  C u r r e n t  

S. Trop .  Z. 
G r e e t  Red S p o t ,  nor tb .e rn  e d g e  

o f  S.T.B. ( s o u t h e r n  b r a n c h  o 
C i  r c u l  a t  in g Cu r r en t 1 

S.T.B. ( S o u t h  T e m p e r a t e  
Cu r r e n  t)  

ApLp roxim a t  e 
a t i t u d e  

fr.+90 t o  +47' 
+43 

fr.+40 to  $36 

-1-27 

4-23 


r. +22 to +I4 

? 
+:3 

r. + l O  to $3 

r. +3 to  -3 

r. -3 t o  -10 

-19 

-19 

rr.21" to -26' 
-22 
-27 

-29 

~~ - -~ __ 

V a r i a t i o  Number o f  
n L o n g i - P e r i o d  of Dppoai  t i o n a  
u d e ,  i n  F l o t a t i o n  Used i n  t h e  
0 Days  Cal CUIa t i o n  

9h55m42' 19 
9 55 20 0 

0 55 42 33 

9 53 55 G 

0 5G 05 24 

9 bR 17 I3 

-62 ; 9 49 07 6 
I 

'-9 9 55 29 52 

-6 9 55 32 2 
4 7  9 54 09 7 
-4 9 50 248 47 

-4 9 50 248 14 

-3 
1-38 

9 50 2G* 
9 51 21 39 

11 

-1 9 55 39 13 

+I32 9 58 43 6 

-3" 9h55m 3 C a  7 
-2 9 55 38 64 

-1 1G 9 53 02 5 

-:5 9 55 20 47 

290 



TABLE 71 (contfd)  
-. . - . -

I I 

P o a i L i o n  and D e s i g n a t i o n
o f  Current  

r o x i m a t e  
a t i t u d e  

V a r i a t i o n  
i n  Long i -
tude .  i n  

P e r i o d  o f  
R o t a t i o n  

umber of 
3 p o s i  t i o n s  
sed i'n the  
a1 c u l  e ti on 

South  edge o f  S. T. B. and S. S. fr' -" to -45 0 55 .07 42 
T. Z. (S.S. Temperate Current )  

S .  S. S .  T.B. and South  P o l a r  fr. -45 to --Oo Q 55 30 5 
Region 

% Although these  three periods generally a r e  almost ident ical ,  
i n  some years they d i f f e r  markedly. 

and veloci ty  of motion of t h e  dark and bright formations observed i n  t h e  various 
currents.  

We w i l l  dwell i n  g rea t e r  d e t a i l  on t h e  Great Red Spot and t h e  South Tropical 
Disturbance. The Red Spot has been a t t r a c t i n g  spec ia l  a t t e n t i o n  of observers 
ever since 18'79, Denning (Ref  .423), analyzing old drawings of J q i t e r  dat ing 
from the  Seventeenth Century, discovered t h e  Red Spot on some of these charts .  
The first ever t o  observe this formation probably w a s  Hooke (1664)followed by
Cassini i n  1665. However, these e a r l y  observers f a i l e d  t o  i s o l a t e  t h e  Spot 
from other formations, apparently because of i ts  low contrast .  I n  1879-1882 t h e  
Great Red Spot turned unusually dark and was t h e  most noticeable marking on t h e  
disk.  If Denning is  r ight ,  t h e  Red Spot i s  most l i k e l y  more than 300 years old.  
I n  general, t h e  Red Spot i s  a stable marking on t h e  disk of Jupiter,  and i t s  
only constant marking a t  t h a t .  

I n  1879-18$2 t h e  Red Spot had t h e  shape of an e l l i p s e  whose major axis ex
tended 33' .? (4O,OOO km) i n  longitude and 10' (13,000 km) i n  l a t i t u d e .  I n  sub
sequent years, i t s  apparent dimensions shrank and f luctuated i r r egu la r ly .  Thus, 
during t h e  period from 1927 t o  194.3, it reached i ts  g rea t e s t  longi tudinal  extent 
(30') i n  1935 and i t s  shortest  extent (21') as l i t t l e  as a year t he rea f t e r .  I n  
1936, t h e  Spot was very dark (probably nearly as dark as i n  1881). In 1919-1920, 
i t s  edges were blurred but t h e  o v e r a l l  exbent occasionally reached 40". 

The Red Spot almost never merges with t h e  S. camp. S.E.B., and t h e  boundary 
between t h e  Ilshores1* of t h e  Red Spot Hollow or Bay and t h e  Red Spot i t se l f  i s  
normally d i s t i n c t .  The N. comp. S.E.B. r e d n s  p a r a l l e l  t o  t h e  equator. The 
Hollow i s  p a r t i c u l a r l y  d i s t i n c t  when t h e  Red Spot i s  blurred. Both markings 
have never y e t  disappeared simultaneously. The depth of t h e  Red Spot Hollow /356
i s  not associated with temporary va r i a t ions  i n  t h e  width of t h e  Red Spot. The 
southern edge of t h e  Red Spot occasional& adjoins the S.T.B. and i s  overlapped 
by t h e  la t ter ,  but sometimes t h e  Hollow takes shape. 

The configuration of t h e  Red Spot and t h e  Hollow d i f f e r s  i n  d i f f e r e n t  years 
(Eg . l48) .  Peek described three cha rac t e r i s t i c  shapes of t h e  Great Red Spot: 
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Fig.l&3 Characteristic Appearance of t h e  Great Red Spot 
and Hollow i n  Various Y e a r s  (Ref  -4.15). 

1)dark-red contrast  formation. A dark border i s  o f t en  Visible  along t h e  Lzzl 
edge. The briglrrtness d i s t r i b u t i o n  i s  hardly ever uniform, and then  exact ly  
during max5" conbrast of t h e  Spot (1879-1882). 2) Boundaries almost coniplete
1~blL k e d .  eon t r a s t  low, wi th  on ly  a f a i n t  haze visible i n  t h e  Hollow, 31 Co* 
trast low,-but 1lwfiskersir indicati-& t h e  boundaries of t h e  Red spot r ad ia t e  
f r o m  t h e  edges of t h e  Hollow: t h e  Hollow has.no gaps along i t s  periphery. The 
spot t hen  m a y  not be visible at a l l .  An unbroken e l l i p t i c a l  shape of t h e  Hollowis usual ly  observed a t  moments of conjunction with the- South Tropical  Disturbance. 

The change i n  contrast  and color  displays a c e r t a i n p e r i o d i c i t y .  Thus, i n  
1879-1882 t h e  contrast  was high; i n  3390 it was low, and i n  3393-1894 it was  
high again and t h e  Red spot w&-c lea r ly  visible u n t i l  1907, after which it faded. 
Good v is ib i l i ty of t h e  Red &ot  was recorded i n  19l4, 1927-1928. 1936. around 
1950, and l a s t - i n  1962-1964.- Peek emphasizes t h a t  t h e  var ia t ions  i n  contrast  
may be at least p a r t i a l l y  a t t r i b u t a b l e  t o  t h e  increase i n  brightness of t h e  
mbien-b brigkrt material of t h e  S. Trope Z. r a the r  t han  t o  changes i n  brightness 
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-1 , I 1 I 8 1 ' T T 1 I I ,  I 1 period would have increased by 1.5% o r  9 min. 
Actually, however, t h e  maximum var ia t ion  i n  

-5D -
./* 

/'-- - t h e  ro t a t ion  period of the  Great Red Spot
does not exceed 12  sec and is  i n  no way as-

(' sociated with var ia t ions i n  i t s  l a t i t ude .  
/'* 

,./.I The mean ro t a t ion  period of t he  Red 
Spot is  9h55m37B.58 according t o  observations-

D -

A <*'. ','. ...... - from 1831 u n t i l  1955. Its var ia t ions have 
...-..* been investigated i n  d e t a i l  by Peek. They 

'"\ a re  shown i n  Fig.l.49 where the  longitude i n  
B I' t h e  system corresponding t o  the  mean rota

_jLI- c ;.-J 

f 

t i o n a l  veloci ty  of t he  Spot i s  p lo t ted  along 
the  abscissa w h i l e  t he  time ( i n  un i t sD"'...,

'. .... equal t o  t h e  i n t e r v a l  between two opposi-
/358 

- t i ons  - 398.88 days) i s  p lo t ted  along t h e  
ordinate.  The poin ts  A, B, C, and D ind ica te  

+t  1 1 1 1 1 1 1 1 1 1 1 

-50D0 0" +%7~ ' t h e  moments of sudden var ia t ion  i n  the  ve
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t h e  leading edge of t h e  Disturbance appeared on t h e  other s ide  of t he  Hollow. 
The Hollow was seen as a br ight  e l l i p t i c a l  spot against  a dark background. The 
Spot i t se l f  displayed much less contrast  than t h e  Disturbance. Everything 
seemed t o  ind ica t e  t h a t  t h e  South Tropical Disturbance had passed underneath 
t h e  Red Spot. After three months, t h e  conjunction came t o  a n  end. 

L e a d i n g  Edge  T r a i  1 i n g  Edge
1903, Aug.12 
P h i  1 1  i p s  

Red S p o i  H>llolo L e a d i n g  Edge
1916, Nov.  24 

Thomson 

L e a d i n g  Edge
1917, Dec.19 

P h i  1 1  i p s  

-
'-

A * /  -
L e a d i n g  Edge T r a i l i n g  Edge

1909. A p r . 1 5  
P h i  1 1  i p s  

; .sz* -

L e a d i n g  Edge
1916, Dec.  17 

Thomson 

r .  

L e a d i n g  Edge
1917, Dec. 19 

P h  i 1 1 i p s  

. -

L e a d i n g  Edge 
1934, A p r . 1 9

Peek  

Fig . P j O  	 Character is t ic  Appearance of South Tropical 
Disturbance i n  Various Years ( R e f  ,415). 

Conjunctions between t h e  South Tropical Disturbance and t h e  Great Red Spot 
a l s o  have been observed i n  1904. and 1906 as w e l l  as i n  subsequent years. These 
have been becoming increasingly longer i n  time ( the  ninth conjunction las ted 
10 years, from 1928 t o  1938) since t h e  r o t a t i o n  period of t h e  South Tropical 
Disturbance has been approaching t h a t  of t h e  Red Spot, and i t s  physical extent 
has been gradually increasing from several degrees i n  1900 t o  230° i n  1935. A t  
t h e  same time, t h e  Disturbance has been growing f a i n t e r  and w a s  apparently last 
observed i n  1940. A marking similar t o  t h e  South Tropical Disturbance was  dis
covered i n  1955, but t he re  i s  no ce r t a in ty  t h a t  it can be i d e n t i f i e d  with it. 
Similar doubts a l s o  arise with respect t o  a drawing of t h e  ea r ly  XIX Century on 
which the re  i s  a s imi l a r  darkening i n  t h e  South Tropical Zone. 

The e f f e c t  of t h e  Red Spot on t h e  rate of motion of t h e  dark material of 
the South Tropical Disturbance had been extremely d i s t i n c t  during t h e  ea r ly  con
junctions. The leading and t r a i l i n g  edges of t h e  dark mass moved faster on 
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coming close t o  t h e  Red Spot Hollow and slower once they had passed t h e  Hollow. 
Not a l l  observers give an i d e n t i c a l  descr ipt ion of t h e  phenomena accompanying 
t h e  conjunctions. Thus, V.G.Fesenkov ( R e f  .416) emphasized t h a t  t h e  hreil", as 
he termed t h e  South Tropical Disturbance, a l t e r s  t he  configuration of t h e  Red 
Spot Hollow and t h e  South Temperate Belt during conjunction with t h e  Red Spot. 

A s  mentioned above, a l l  of t h e  belts vary i n  in t ens i ty .  Normally, a gradual 
va r i a t ion  i n  brightness of t he  e n t i r e  bel t  takes place.  Sometimes, however, 
l o c a l  darkening occurs which subsequently spreads throughout t he  belt .  Effects  
of this kind are p a r t i c u l a r l y  d i s t i n c t  i n  t h e  South Equatorial B e l t  (S.E.B.). /360
Peek gave a de ta i l ed  descr ipt ion of f ive strong disturbances i n  t h e  S.E.B.: i n  
1919-1920, on August 10, 1928; on December 17, 1942; on February 11, 1943; i n  
July 1949; i n  October 1952. A recent disturbance (September 24, 1963) was  de
scribed by Smith and Tombaugh (Ref .4&). Such disturbances commence with t h e  
appearance of compact and occasionally numerous dark spots which subsequently 
are smeared out i n t o  t h i n  s t reaks.  A t  times, br ight  spots suddenly appear. 
Often these spots t r a v e l  a t  great ve loc i t i e s .  A t  night, extremely rapid move
ments of t h e  disturbances and appreciable var ia t ions i n  the appearance of t he  
disk are a r a r e  but repeatedly observed phenomenon ( f o r  example, i n  October 1920 
during a major equator ia l  disturbance). Figure 151 shows t y p i c a l  photographs 
of eruptive e f f e c t s  i n  the  South Equatorial B e l t .  Within two days, the shape 
of t h e  spots i n  the  neighborhood of the Great Red Spot had changed substant ia l ly .  
Smith and Tombaugh a t t r i bu ted  the  change i n  veloci ty  of t h e  Red Spot on Novem
ber  10, 1963 t o  the autumn equator ia l  disturbance. Both emphasized t h a t ,  rough
l y  about t h a t  t i m e ,  three bright spots approached t h e  t r a i l i n g  edge of the Red 
spot. 


The Circulating Current exhibits remarkable propert ies  (see Table 71). In 
February 1920, two spots ( A  and B) arose i n  t h e  S. comp. S.E.B. spaced 6C0 apar t  
and began t r ave l ing  i n  retrograde d i r ec t ion  (period of A, 9h57"59" ; period of By 
9'57"52'). On reaching t h e  South Tropical Disturbance they disappeared, but a 
month later they reappeared i n  the  near l a t i t u d e s ;  this time t h e i r  ro t a t ion  was  
d i r e c t  and amounted t o  9h53m296and 9'53"20", respectively.  Later, similar 
phenomena have been observed i n  this region. 

During 1940-1941, very s m a l l  but extremely dark spots, measuring about 1" 
i n  a rea  and moving i n  a pecul iar  manner had been observed i n  the  South Tropical 
Zone. Their movement indicated t h e  superposition of a damping o s c i l l a t i o n  on 
smooth longitudinal displacement. A similar e f f e c t  w a s  observed i n  1941-194.2. 
The osc i l l a to ry  period of these spots  (which were termed "osci l la t ing" by Peek) 
was about 2 months (Ref 4 1 5 ,  4.25). 

Thus, along with many-year periods the re  occur l o c a l  periods of much 
smaller atmospheric a c t i v i t y  on Jupi ter .  The main cycle is  not re la ted e i t h e r  
t o  s o l a r  a c t i v i t y  o r  t o  period of revolution about t he  sun but r a the r  character
i z e s  t h e  pe r iod ic i ty  of quasi-volcanic processes within the  planet i t se l f .  We 
cannot use t h e  f u l l  term ~~volcanicll ,s ince t h e  Jovian s t ruc tu re  d i f f e r s  t oo  much 
from the  t e r r e s t r i a l  s t ruc tu re  t o  expect a close s i m i l a r i t y  between t h e  tectonic  
a c t i v i t i e s  i n  these planets .  B.M.Rubashov ( R e f  4.26) found correlat ions of /361
secular  (averaged over 10-year i n t e r v a l s )  var ia t ions i n  the  period of d i f f e ren t  
currents i n  t h e  atmosphere of Jupiter and slow variat ions i n  s o l a r  a c t i v i t y ,  but 
such correlations,  as i s  known, may be of an extremely cowlex  and circumstantial  
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character.  &en correlat ions between s o h  a c t i v i t y  and terrestrial  meteoro
l o g i c a l  e f f e c t s  generally have no c l e a r  physical  explanation, and this is  even 
more so t h e  case for Jup i t e r .  

Fig.151 Rapid Relative Movements of Bright and Dark Spots 
i n  the  South Equatorial  B e l t .  

Focas and BaEos (Ref .420) introduced the  concept of photometric index of 
t h e  atmospheric a c t i v i t y  of Jupi ter .  The photometric index of some square o r  of 
some l a t i t u d i n a l  region on t h e  Jovian disk i s  proport ional  t o  t h e  decrease i n  
i t s  brightness compared t o  some standard quantity. Focas and E G O S  did not /362
use absolute standardization i n  determining t h e  photometric index; instead, they 
calculated t h e  standard brightness on t h e  a s s q t i o n  t h a t  t h e r e  always exists 
some sec to r  i n  t h e  unperturbed state on t h e  disk. It would be e s s e n t i a l  t o  sup
plement t h e  procedure of determining photometric indexes with absolute standard
i z a t i o n  of brightness, but even so t h e  photometric index i n  i t s  present form i s  
of i n t e r e s t  as a quant i ta t ive cha rac t e r i s t i c  of t h e  state of t h e  Jovian atmos
phere. Figure 152 shows the  va r i a t ion  i n  t h e  photometric index of a c t i v i t y  of 
t h e  equator ia l  regions of Jup i t e r  from 1956 t o  1963. The changes i n  brightness 
of t h e  belts and zones should lead t o  var ia t ions i n  t h e  stellar magnitude of 
Jupi ter ,  which ac tua l ly  i s  t h e  case (Ref .66, 421). 

The brightness d i s t r i b u t i o n  over t h e  disk of Jupiter and t h e  absolute 
values of t he  brightness coe f f i c i en t s  have been measured repeatedly, chief ly  
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by photographic means. A review of t h e  photometric s tudies  can be found i n  the  
book by N.P.Barabashev (Ref .6) and i n  t h e  a r t i c l e  by V.N.Lebedinets (Ref 4.27).
All t hese  authors agree that  t h e  observed brightness d i s t r i b u t i o n  along t h e  
equator of i n t e n s i t y  is  s a t i s f a c t o r i l y  represented by t h e  theo re t i ca l  distribu-

I I I , I I I I I 

02501 4.- ''1 
L.

QZoo L. 

a150 

all70 


I I I I I I I 2 
1352 7954 7956 1958 1960 7962yaar.s 

Fig.152 Variation i n  t h e  Photometric 
Index of Jup i t e r  i n  t h e  Jovian Equa
t o r i a l  Regions, from 1956 t o  1963 

(Ref .420). 

t i o n  derived f o r  i so t rop ic  scat ter ing 
i n  a semi-infinite atmosphere 
(F'ig.36), f o r  various values of t h e  

CJ
parameter a = k + o  V .G .Teyf e l f  

( R e f  4.28) derived t h e  values of a 
given i n  Table 72 from t h e  curves of 
h b  darkening f o r  t h e  S.T.Z. and t h e  
Great Red Spot. The contrast  between 
t h e  Red Spot and t h e  S.E.B. i s  ex
tremely s l i g h t  s o  t h a t  t h e  values 
of a f o r  t h e  belts may be taken 
p r a c t i c a l l y  t h e  saae as those f o r  t h e  
Red Spot. The values of "a'lgiven 
here can be considered as t h e  lower 
l i m i t ,  s ince anisotropic scat ter ing 

with a forward-extended i n d i c a t r h  requires high values of a i n  order t o  obtain 
t h e  same value of albedo of t h e  atmosphere, other  conditions being equal. 

perpendicularly t o  t h e  limb. It i s  not 
6250 0.92 0.07 0.96 excluded t h a t  t h e  po la r i za t ion  is  due t o
5300 0.57 0.95 0.92 
4200 0.G8 0.93 0.88 t h e  gaseous component of t h e  atmosphere. 

Another possible  explanation i s  t h a t  of a 
-



Sect.5.3) o f t en  r evea l  a n  increase i n  t h e  i n t e n s i t y  of CH, bands i n  t h e  p o l a r  
regions, but this a l s o  cannot be unambiguously in t e rp re t ed  as a r e s u l t  of a n  
increase i n  t h e  thickness of t he  gaseous layer .  The wavelength dependence of t h e  
po la r i za t ion  of t h e  po la r  regions i s  not i n  agreement with the dependence im
p l i e d  by Fhyleigh sca t t e r ing  (Fig.153). oTh i s  increases  rapidly with decrease i n  
wavelength between h 10,000 and h 5000 A, a f t e r w h i c h  it e i t h e r  becomes constant 
or decreases. It i s  i n t e r e s t i n g  t h a t ,  i n  the equa to r i a l  region, po la r i za t ion  /36r,

monotonically increases with decreasing wave-

Fig.153 Polar izat ion a t  t h e  
South Pole, North Pole and 
Eastern L i m b  of Jupi ter ,  as 
a Function of Wavelength. 

Observations performed with 
a 4''-diaphragm i n  Apr i l  1960. 

(Ref -434.1. 

length. Note t h a t  i n  t h e  case of Venus, t h e  
photometric da t a  may i n  p r inc ip l e  be explained 
by both t r u e  absorption and t h e  e f f e c t  of 
f in i te  thickness of t h e  atmosphere. Models 
of t he  i n t e r n a l  s t ruc tu re  of Jup i t e r  give a n  
extremely high l i n e a r  thickness of t he  atmos
phere, making it almost ce r t a in  t h a t  t h i s  
a l t e rna t ive  does not apply t o  Jupiter; t h e  
photometric cha rac t e r i s t i c s  of Jup i t e r  appa
r e n t l y  are determined only by t h e  p rope r t i e s  
of i t s  atmosphere. 

Since t h e  albedo of t h e  atmosphere and 
the limb darkening point  t o  the  presence of 
t r u e  absorption, it i s  of i n t e r e s t  t o  estimate 
t h e  l e v e l  a t  which a marked at tenuat ion of 
so l a r  r ad ia t ion  occurs. Such an estimate 
would a l so  characterize t h e  c r i t i c a l  depth a t  
which t h e  markings observable on the  disk a r e  
able  t o  exist. Experiments with o p t i c a l  cloud 
models i nd ica t e  t h a t ,  a t  T = 40 and a = 0.99, 
a 10-fold at tenuat ion takes place i f  t h e  
elongation of t h e  i n d i c a t r i x  i s  characterized 

by the  parameter 6 = 30, and a 20-fold at tenuat ion i f  6 = 15 ( 6  being t h e  r a t i o  

Trof forward-scattered f l u x  0 < y < -2 t o  backscattered f l u x  2-< y < n). The
2 

at tenuat ion increases as t h e  shape of t h e  i n d i c a t r i x  approaches a spherical  
form; under t h e  same conditions, a = 0.95 gives a 30- t o  100-fold attenuation. 
Similar estimates can be obtained on t h e  basis of Roeenberg's approximation 
theory. A s s d n g  t h a t  t h e  depth a t  which s o l a r  radiat ion su f fe r s  a 10-fold at
tenuation represents t he  l imit ing depth, it appears t h a t  t h e  corresponding opti
c a l  thickness would be T~~~ < 40, with t h e  upper l i m i t  being reached only f o r  
extremely elongated ind ica t r i ce s  ; f o r  a sphe r i ca l  i nd ica t r ix ,  a corresponding 
at tenuat ion i s  reached a t  T~ < 3. 

We take T~~~ = 10, bearing i n  mind t h a t  t h e  ac tua l  value may d i f f e r  by a 
f a c t o r  of 2 - 3 from t h e  adopted value. To determine t h e  corresponding l i nea r  
depth, t h e  sca t t e r ing  coeff ic ient  0 must be known. Spectroscopic observations 

2nr
(Sect.5.4, Subsect.2) show t h a t ,  f o r  t he  i n d i c a t r i x  -h = 20, we have a value 

of 0 t h a t  i s  at  least 5 x lo-', whence t h e  sought l i n e a r  depth of penetrat ion i s  



zIim= -	t <20 km
G 

A roughly similar value of zlimi s  a l s o  derived f o r  a spherical  i nd ica t r ix .  

The l imited i n t e n s i t y  va r i a t ion  of CH, bands along t h e  equator i nd ica t e s  
t h a t ,  on t h e  average, t h e  a l t i t u d e  of t h e  cloud layer  does not vary by more than  
a f e w  kilometers, but t h e  spatial  resolving power of spectroscopic observations 
(l",i.e., 4 x lo3 km) i s  too  small t o  preclude t h e  presence of major l o c a l  
var ia t ions i n  t h e  a l t i t u d e  of t h e  cloud top. However, t h e  extent of these vari
at ions hardly exceeds t h e  sca l e  height of t h e  Jovian atmosphere (- 20 h).Thus, 
t h e  v e r t i c a l  s ca l e  of t h e  region of o p t i c a l  e f f e c t s  considered here does not 
exceed 40 km. T h i s  s ca l e  a l s o  d e t e h n e s  t h e  depth within whose limits t h e  
hydrodynamic e f f e c t s  i n  t h e  atmosphere can be d i r e c t l y  r e l a t ed  t o  s o l a r  radia
t ion .  

The var iable  appearance of t h e  markings observed on t h e  Jovian disk means 
i n  i tself  t h a t ,  a t  least i n  most cases, we see only t h e  clouds f loa t ing  i n  t h e  
atmosphere of this planet .  An estimation of zlImconvincingly shows that clouds 
a r e  about the only f ea tu re  of Jup i t e r  we can see i n  general, s ince t h e  depth of 
i t s  atmosphere i s  2 1000 km (cf . Sect. 5 .U) . 

A spec ia l  problem i s  presented by t h e  nature of t h e  Great Red Spot since, 
unlike a l l  other  markings on Jupiter, this spot i s  almost always present.  A t  
various times, three hypotheses have been advanced. A t  first it had been as
sumed t h a t  t h e  Red Spot represented an expulsion of material from a permanent 
volcano. However, t h e  var ia t ions i n  the  r o t a t i o n  period of t h e  Red Spot cas t  
doubts on this hypothesis and it was then assumed t h a t  t he  Red Spot i s  an i s l and  
f loa t ing  i n  t h e  viscous semi-liquid lower atmosphere o f . J u p i t e r .  T h i s  hypo
t h e s i s  i s  supported by Peek (Ref.415). It i s  c l e a r  from the  foregoing t h a t  we 
would never be able t o  see this is land.  Moreover, Sagan (Ref.429) on t h e  basis 
of considerations of dynamics, showed t h a t  - i f  this hypothesis were correct -
t h e  considerable longi tudinal  d r i f t  should be accompanied by a similar lati
tud ina l  d r i f t ,  which i s  not t h e  case. Instead, s i m i l a r i t y  between t h e  curves 
of limb darkening of t h e  Red Spot and t h e  belts ( R e f  .428, 430) indicates  t h a t  . 
t h e  Red Spot i s  of a gaseous nature. The t h i r d  hypothesis w a s  postulated by 
&de ( R e f  4.31, 432) who showed t h a t  a moderately subs t an t i a l  inhomogeneity of 
t h e  planetary surface around which t h e  atmos here c i r cu la t e s  could generate a 
system of v e r t i c a l  currents  (Taylor's cohmnP of considerable height. Such an 
inhomogeneity might be e i t h e r  a. depression o r  an elevat ion (plateau). The /366
v e r t i c a l  extent of this inhomogeneity must exceed a c e r t a i n  c r i t i c a l  limit 

where cy = 1; d = 1000 km i s  t h e  thickness of t h e  atmosphere; u is  t h e  veloci ty
of hydrodynamic motion a t  t h e  surface; = 1.5 X rad sed' is  the , angu la r  
veloci ty  of r o t a t i o n  of t h e  planet ;  L is  t h e  l i n e a r  dimension of inhomogeneity.
If L = 25,000 km and u = 10 m/sec, then h, = 2.5 Jan. T h i s  l a w  was experimental
l y  ver i f ied.  
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Hydefs hypothesis seems more l o g i c a l  t han  t h e  volcanic hypothesis, but has 
t h e  same basic shortcoming: Its acceptance makes it necessary t o  assume t h a t  
t h e  r o t a t i o n  period of t h e  s o l i d  body of t h e  planet  is variable. A t  t h e  same 
time, Hydefs hypothesis accounts f o r  t h e  short-lived dark spots  (increase i n  
wind veloci ty)  as w e l l  as f o r  t h e  p a t t e r n  of currents  around t h e  Great Red Spot 
and, par t icular ly ,  f o r  t h e  presence of t h e  Red Spot Hollow: experiments show 
t h a t ,  on t h e  equatorward s i d e  of t h e  column, t h e  flow must be laminar. 

On t h e  whole, t h e  hydrodynamics of J u p i t e r  are s t i l l  l a rge ly  uninvestigated. 
A t  t h e  equator, t h e  r o t a t i o n a l  speed i s  g rea t e r  t han  i n  t h e  temperate l a t i t udes .  
On t r a n s i t i o n  t o  t h e  temperate l a t i t u d e s  at t h e  boundary of t h e  equatorial  zone, 
t h e  veloci ty  changes by a value of Av = 1km/sec, which i s  close t o  t h e  speed 
of sound. T h i s  change occurs within a l a t i t u d i n a l  zone not more than 3’ wide. 
What i s  t h e  reason f o r  t h e  presence of this discontinuity? Lastly, t h e  rota
t i o n a l  speed of t h e  s o l i d  body of t h e  planet  i s  considered close t o  t h e  period 
of t h e  system I11 (which d i f f e r s  only l i t t l e  from t h e  system 11, associated with 
t h e  o p t i c a l  markings i n  t h e  temperate l a t i t udes ) .  The basis f o r  this opinion
i s  t h e  high degree of constancy of t h e  period of r e p e t i t i o n  of bursts i n  t h e  
decameter range. However, according t o  t h e  l a w  of conservation of angular 
momentum, t h e  gaseous masses f l o a t i n g  up a t  t h e  equator must decrease r a the r  
than increase i n  angular velocity,  so t h a t  t h e  r o t a t i o n  period of t h e  s o l i d  body 
of t h e  planet must be shor t e r  r a t h e r  t han  longer than  t h e  period of t he  system I. 
If t h e  depth of t h e  atmosphere is  1000 km then, i n  v i e w  of t h e  conservation of 
angular momentum, t h e  difference must be about ZO”, which gives a r o t a t i o n  
period of 9h30” f o r  t h e  s o l i d  body of t h e  planet .  However, such short  periods 
are i n  no way manifest. 

The general  c i r c u l a t i o n  of t h e  atmosphere of t h e  g i an t  planets  i s  d i f f i c u l t  
t o  i n t e r p r e t  on t h e  basis of terrestr ia l  analogy, s ince  t h e  depth of t h e i r  
atmospheres i s  too  great .  The atmosphere of Jup i t e r  cannot be considered as a 
t h i n  f i l m  covering t h e  surface, as i s  done i n  theo r i e s  of t h e  general  circula
t i o n  of t h e  e a r t h f s  atmosphere. Moreover (and this is an even more important 
difference) ,  t h e  c i r c u l a t i o n  on t h e  giant  p l ane t s  i s  apparently determined by 
i n t e r n a l  energy sources r a t h e r  than by solar heating. I n  f a c t ,  s o l a r  r ad ia t ion  
penetrates  only t o  a depth of t h e  order of 20 hn, whereas t h e  t o t a l  depth of t h e  
atmowhere i s  a t  least 50 t i m e s  as great .  I n  one way o r  another, had t h e  circu
l a t i o n  on Jup i t e r  been due t o  s o l a r  heating, a d i s t i n c t  meridional component 
would have been present i n  t h e  observed movements, whereas ac tua l ly  meridional 
displacements on Jupiter are comparatively slow and of low amplitude. 

Clouds located at such heights above t h e  surface and having such a high 
albedo undoubtedly consis t  of condensation products r a t h e r  than of p a r t i c l e s  q
l i f t e d  from the  surface, although i n  i so l a t ed  instances e ject ions of a volcanic 
nature may be a f ac to r .  Presumably, most of t h e  var ia t ions observed on Jupiter 
represent t h e  e f f e c t s  of condensation and sublimation associated with small 
temperature f luctuat ions,  var ia t ions i n  concentration of condensing gases, and 
changes i n  t h e  number of condensaction nuclei  ( the r o l e  of p a r t i c l e s  r i s i n g  from 
t h e  surface may be p a r t i c u l a r l y  k r g e  i n  this respect) .  Meteorological e f f e c t s  
of this kind require no major expenditure of energy. During t h e  disturbances 
on Jupi ter ,  however, t h e r e  are accelerated movements of i so l a t ed  clouds which 
are d i f f i c u l t  t o  a t t r i b u t e  t o  anything other  than rea l  hydrodynamic displacement, 
i n  which case t h e  energy expenditure may be substant ia l .  
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The data  presented i n  Table 7 1  give t h e  impression t h a t  dark belts take 
shape a t  t h e  boundaries between hydrodynamic currents of d i f f e r ing  veloci t ies :  
t h e  S.E.B. a t  t h e  boundary between t h e  southern branch of t h e  Great Equatorial  
Current and t h e  South Temperate Current; t h e  N.E.B. between the  northern branch 
of t h e  Great Equatorial  Current and t h e  North Equatorial  Current, e tc .  The 
a c t i v i t y  i n  the  belts i s  generally much higher thar, i n  t h e  zones; t he  belts 
represent t he  more disturbed regions of Jupiter. The physical  meaning of this 
apparently l i es  i n  the  f a c t  t h a t  t h e  belts are t h e  boundary regions between cur
rents,  i n  which phenomena of large-scale turbulence develop. 

TABLE 73 /368 
ABSORPTION BANDS IX THE SPECTRA OF GIANT PbUEI” ACCORDING TO 
OBSERVATIONS AT SMALL DISPERSION (VISIBU WION) (REF .436,437) 

- I P r e s e n c e  and E s t i m a t e s  o f  

>.-A 
. , E q u i v a l e n t  Widths ,  A* . 1 J u p i t e r  I Saturn 1 Uranus 1 Neptune-

I d e n t i  f i c a  ti on 

$> The estimates of equivalent width - except f o r  h 6190 A which 
was taken from the  work by V.G.Teyfelt  and N.V.Priboyeva (Ref .438)- w e r e  t en t a t ive ly  derived from a v i sua l  examination of reproductions. 

$% Total  absorption i n  t h e  given spectrum region; ind iv idua l  bands 
cannot be i so la ted .  

The above comments on t h e  possible  in t e rp re t a t ion  of phenomena observed on 
Jupiter are of an extremely t en ta t ive  and approximate nature. If we are r igh t  
i n  our appra isa l  of t h e  r o l e  of i n t e r n a l  energy sources i n  t h e  general  circula
t i o n  of t h e  Jovian atmosphere, then  t h e  apparatus f o r  i t s  t h e o r e t i c a l  descrip
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t i o n  might be sought i n  t h e  hydrodynamics of t h e  sun r a t h e r  t han  i n  terrestrial  
meteorology 

Section 5.3 Qualitative Chemical Analysis of t h e  Jovian Atmosphere 

The planetary absorption bands i n  t h e  spectrum of Jup i t e r  and other  giant  
p l ane t s  have been discovered with pr imit ive methods of v i s u a l  spectroscopy as 
far back as t h e  1870s (Secchi, Rutherford, Huggins and Miller,  LeSueur). Early
i n  the  XX Century, t h e  spectra  of t h e  giant p l ane t s  already were photographical
l y  investigated with small and medium dispers ion by Slipher,  who found a large 
number of absorption bands i n  t h e  visible region (Table 73). Some of these are 
common t o  a l l  four  planets,  w h i l e  o thers  are present only i n  J u p i t e r t s  spectrum. 
Most bands ga in  i n  i n t e n s i t y  on t r a n s i t i o n  from Jup i t e r  t o  Saturn and s o  on; & 
bands that a r e  strong i n  t h e  spectrum of Neptune o f t en  are extremely weak o r  
even imperceptible i n  t h e  spectrum of Jupiter (Fig.154). 

F h F  D ' C B a A 

: .. 
Jupiter 

Eg.154 Spectra of Giant Planets and Moon i n  t h e  Visible 
Region [according t o  Sl ipher  ( R e f  .437) 1. 

In 1931, W i l d t  ( R e f  .439) obtained t h e  spectrum of Jupiter i n  t h e  region 
Ah 7000-9000 A y i t h  a lens prism and discovered three strong Sands near Ah 7900, 
8650, and 9000 A. He i d e n t i f i e d  two of t hese  ( t h e  first and t h i r d )  with NH,. 
I n  addition, W i l d t  examined Sl ipherts  list (reproduced i n  Table 73) and ident i 
f i e d  p a r t  of t h e  bands with CH, and NH,. The region Ah 8000-10,000 A i n  t h e  
spectrum of Jup i t e r  was independently invest igated by Sl ipher  with t h e  a i d  of a 
s l i t - t ype  spectrograph (Eg.155). Slipher found six bands (Table 74), a l l  of 
which subsequently were iden t i f i ed  with CH, and NH,. The i d e n t i f i c a t i o n  of bands 
i n  the spectra of t h e  giant  planets  was t h e  subject of many jo in t  s tud ie s  by 
Adel and Slipher ( R e f  .453, 4-54.). Nearly a l l  t h e  bands p e r t a i n  t o  CH, and NH,; 
d i s t i n c t  NH, bands have been iden t i f i ed  only f o r  Jupiter; i n  t h e  spectrum of 
Saturn t h e  NH, bands are e i t h e r  nonexistent o r  extremely weak. Uranus and 
Neptune conipletely lack such bands. Conversely, CH, bands increase i n  s t r eng th  
on t r a n s i t i o n  from Jup i t e r  t o  t h e  more d i s t a n t  m e m b e r s  of t h e  group of giant  
planets .  The probable reason i s  t h a t  CH, condenses at lower temperatures than 
NH, ( f o r  NH,, t h e  equilibrium pressure of 3 mb occws a t  T = 170°K; and f o r  CH,, 
a t  7 0 O K ) .  
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ABSORPTION BANDS IN THE SPECTRUM OF JUPITER (REGION 
8000-10,000 A ) ,  ACCORDING To SLIPHER (REF.437) 

I I I I 

B 	 BB 

F'ig.155 Spectrum of Jupiter i n  t h e  Region hh 8000-10,000 A 
[according t o  Slipher (Ref .437) 1. 

A t  t h e  ends: spectrum of t h e  sun. The emission l i n e s  repre
sent  laboratory ca l ib ra t ion  (spark discharge). 

Both CH, and NH, show strong absorption bands i n  t h e  region Ah 1- 3 p .  
I n  1947, Kuiper (Ref.4, 44.0) derived spectra  of Jup i t e r  and Saturn up t o  2 p 
with t h e  a id  of a lead-sulfide v a r i s t o r  and a prism spectrometer of a resolving 

power -	h = 80. I n  f a c t ,  he discovered strong bands which he t e n t a t i v e l y
Ah 

i d e n t i f i e d  with CH, and NH,. T h i s  i d e n t i f i c a t i o n  was  convincingly confirmed by 
Adel (Ref .&1) who recorded t h e  spectrum of sunlight passed through c e l l s  con
t a in ing  CH, and NH,. A s  r ecen t ly  as i n  t h e  1960s t h e  present author (Ref 4.42 
and 44.3) and Kuiper (Ref.&!&) independently studied t h e  spectrum of Jupiter i n  
t h e  region hh 1- 2.5 p with t h e  a id  of d i f f r a c t i o n  spectrometers, achiev-ing a 

resolving power of -	A = 500. The list of absorption bands discovered &thinAh 
this range i s  given i n  Table 75, and sample (d i sc re t e  and averaged) t r a c e s  of 
t h e  spectrum.are preserrbed i n  Figs.156-159. In  1964, t h e  spectrum of Jup i t e r  
i n  t h e  region AA 1- 3 p, was recorded during a' f l i g h t  of t h e  U S  balloon "Stratc
scope 1111. The resolving power was low ( t h e  s p e c t r a l  width of t h e  s l i t  being /372 
300 A, %.e., -	h = 60 a t  h 1.8 !A), but t h e  absence of t e l l u r i c  absorption bandsAh 

i s  a d e f i n i t e  advantage (F'ig.&O). Debouille, Roland, and Gebbi (Ref .446)  re
corded t h e  spectrum of J u p i t e r  i n  t h e  region Ah 1 - 2.5 p using t h e  method of 
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TABU 75 m 
I D E N T I F I C A T I O N  O F  PLANETARY ABSORPTION BANDS I N  THE SPECTRUM 

OF JUPITER (Ah 0.97-2.5 p )  

Me a sure d  
Wavelength,  

/I 

l ea su red  
3quival en t 
Width,  A 

len ti f i c a t i o n  
bora-
O r Y  
ve-
U L L  

Remarks 

____ 

0.97-1.03 400 
0.98 
1.028 

er e q u i v a l e n t  w id th ,  
H 3  o c c u p i e s  n o t  more 

than 20% -1.063 2 ixtremely weak bands 
'ound on 1963 t r a c e s  

1.085 2 - hbsent i n  (Ref.  4441, 
o s s i b l y  owing to  
nadequa te  s i g n a l  - to-
o i s e  r a t i o  

1.094 7 1.093 i e l a t i v e l y  f r e e  o f  
el l u r i c  ove r1  aps 

1.12--1.18 800 1. I 2  k e r l  apped by t e l l  u r i c  
Nand o f  H2O A 1.13 /.L 

1.1G 
1.18 
1.19 n t h e  r e g i o n  h > 1 . 1 5 ~ ~  
1.18 e g l i g i b l y  low i n t e n s i t y  

f N H 3  

1.20 51 - h e r l a p p e d  by t h e  band 
1.12-1.18 p 

1.23 251 1.23 
1.23 
1.23 

verlapped by t h e  band 
1. 12-1. 18 p 

1.26 10 1.258 h e r l a p p e d  by t h e  
t e l l u r i c  band h 

1.28 /I 

1.28-1.3: 200 1.29 
1.33 h e r l a p p e d  by t h e  

t e l  l u r i c  band A 1.38 /.i 

1.45-1.4! 2501 1.47 h e r l a p p e d  by t h e  
t e l l u r i c  band h 1.38 /.i 

1.49-1.5( 400 1.52 V i r t u a l l y  f r e e  of 
t e l l u r i c  o v e r l a p s  

-1.54 I O ?  Overlapped by t h e  
band h 1.49-1.56 /.L m 

1.sa 20 sH3 1.58 P o s s i b l e  c o n t r i b u t i o n  
by 



TABLE 75 (cont'd) 

1.604.80 N e a r l y  
t o t a l  

absorpt ion  

i .9-2.5 Near ly  
to ta l ,  

a b s o r p t i o n  

-__ 

CHd, 2va 
CCll vI + v, -k Va, 
v i  -tv3-t- VA 
XI13 v i  -i-va 4-v4 

s \ - I 3  VR 4Vd 

s143 -92 -+ vp 
SF13 VI +- v* 
S I12  V? 4-VJ 

-
1 .GOG 

1.72 

1 .G6 	 Low re1 a t i v e  c o n t r i b u 
t i o n  by N H ?  

1.98 
2.26 
2.33 
2.38 

interference modulation, but t h e i r  resolut ion w a s  smaller than t h a t  obtained 
with d i f f r a c t i o n  spectrometers. The ove ra l l  p a t t e r n  of t h e  spectrum of Jupi ter  

Fig.156 Spectrum of Jupi ter  i n  
t h e  Region Ah 1.0-2.5 p. 
Averaged from f a u r  t r a c e s  recorded 
on September 30, 1963, E l l i s  re
f l e c t o r ,  d i f f r a c t i o n  spectro
meter, grat ing 300 rulings/", 
s l i ts  2 and 5 m (Ah = ZOO A ) ,  re
cording speed 29 A/sec, T = 4.4. sec, 
z = 4.2 - 44.'. Broken l i n e  - so la r  
spectrum. I n  t h e  region AX 1.9-2.5 
t h e  amplification f a c t o r  i n  t h e  re
cording of Jup i t e r  i s  10 t i m e s  
higher than i n  t h e  region

AX 1.0-1.9 D. 

i n  t he  region Ah 1.0-2.5 p i s  we l l  
i l l u s t r a t e d  i n  Fig.156 which presents 
an averaged, t r a c e  recorded a t  high 
speed (29 A/sec) with a r e l a t i v e l y  
wide s l i t  ( s p e c t r a l  width of t he  order 
of 200 A ) .  The region Xh 1.9-2.5 I-L 
w a s  recorded with a n  amplification 
f a c t o r  10 times as high as t h e  region 
A A  1.0-1.9 p .  The so la r  spectrum i s  
recorded with a f ixed amplification 
f a c t o r  throughout t h e  i n t e r v a l  
hh 1.0-2.5 p .  Figure 156 indicates  
t h a t  t h e  t e l l u r i c  bands i n  the  region 
hh 1.1-1.7 p i n  t he  Jovian spectrum are 
markedly broadened by absorption of 
planetary or igin,  w h i l e  t h e  emission of 
t h e  planet i n  the  region 1 > 1.6 p i s  
s o  weak t h a t  it w a s  j u s t  barely recorded 
during t h e  1960 observations (Ref ..!+42). 

Figures 157 - 159 present more 
d i s t i n c t  t r a c e s  recorded with a narrow 
s l i t  (30 A) and a t  low speeds (7.3,
3;7, 2.2 .&/sec). These show much 
greater  d e t a i l .  I n  Fig.161 t h e  t e l l u r i c  
bands are eliminated s ince t h e  spectro
gram shows t h e  r a t i o  of t h e  i n t e n s i t y  

p, 	 i n  t h e  Jovian spectrum t o  t h e  i n t e n s i t y  
i n  t h e  so l a r  spectrum. I n  t h e  photo
graphic region, t h e  spectrum of Jupi ter  
contains a large number of CH, and NH, 
l i n e s .  I n  t h e  region X > 1p ,  CH, and 
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NH, give strong absorption bands. The spectrograms present pos i t i ons  of these 
bands according t o  Herzberg (Ref  .lo). They roughly correspond t o  t h e  observed 
planetary bands i n  t h e  spectrum of Jupi ter .  Direct recordings of laboratory 
spectra  of CH, and NH, (Ref .&l, 4.44,&? - 4.50) confirm this correspondence. 
Examples of laboratory t r a c e s  (Ref  .&) are given i n  Fig.l62; t h e  resolut ion 
roughly corresponds t o  t h e  spectra  of Jupiter i n  F'igs.157 - 159 and 161. A de
t a i l e d  comparison convincingly shows that nearly a n  absorption bands i n  t h e  
region hh 0.9-1.6 p i n  t h e  Jovian spectrum, both s t rong and weak, are ident i 
f iable with CH, and NH, (Table 75). It i s  suspected t h a t ,  i n  some cases, t h e  
absorption of other atmospheric consti tuents i s  superimposed on t h e  CH, and NH, 
bands. For example, i n  t he  region hh 2-2.5 p as w e l l  as near A 1.23 p,  induced 
dipole absorption of H2 (see below ) must be a f a c t o r .  The NH, band a t  h 1.58 p 
may be in t ens i f i ed  by Cozy but t he re  i s  no proof f o r  this s q p o s i t i o n .  

Fig.157 Spectrum of Jup i t e r  i n  t h e  
Region Ah 0.90-1.30 p . 

Averaged from six t r aces  recorded on 
October 7, 1963, E l l i s  r e f l ec to r ,  dif
f r a c t i o n  spectromete r, rep lica 
600 rulings/mm, s l i ts  1.5 m (Ah = 
= 30 a), recording speed 7.3 a/sec, 
T = 4.4 sec, z = 40 - 43'. Broken 

l i n e  - s o l a r  spectrum. 

LU.4 

Fig.158 Spectrum of Jup i t e r  i n  t h e  
Region hh 1.45-1.65 v. 

Averaged from 6 t r a c e s  taken on 
October 1, 1963, E l l i s  r e f l ec to r ,  
d i f f r ac t ion  spectrometer, grat ing 
300 r$ings/m, sl i ts  1mm (AI  = 
= 40 A ) ,  recording speed 3.7 A/sec, 
T = 4.4 sec, z = 41 - 44'. Broken 

l i n e  - s o l a r  spectrum. 

Sagan (Ref .451), i n  h i s  invest igat ion of laboratory models of t he  atmos
pheres of t h e  giant  planets ,  arrived a t  t h e  conclusion t h a t  these may contain a 
considerable amount of vapors of hydrocyanic acid HCN. In his opinion, t he  weak 
unidentified absorption a t  A 1.54 p may p e r t a i n  t o  HCN. 

Along with t h e  advances made i n  t h e  r e l a t i v e l y  far infrared,  observations 
of Jupi ter  have recent ly  been undertaken, with high dispersion and high resolv
ing power i n  t h e  visible and photographic in f r a red  spectrum regions. Such /176
spectra  had first been obtained as far  back as t h e  1930s by Dunham who used a 
spectrograph i n  t h e  100"-Coude' focus of t h e  Mount Wilson r e f l e c t o r  ( R e f  .ill). 
Dunham's high-dispersion observations confirmed t h e  i d e n t i f i c a t i o n  of c e r t a i n  
previously known bands as CH, and NH,, but t h e  results w e r e  not published i n  
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a) 

I I I I I I I I I I I I 1 1 - 1 1-r-1-

Fig.159 Spectrum of Jup i t e r  from Observations on 
September 19, 1964. 

a - In t h e  region hh 1.08-1.34. p ;  b - I n  the  region 
hh 1.42-1.63 p .  Solid l i n e  - d i sc re t e  t race,  broken 
l i n e  - mean of several t r a c e s  ( four  i n  t h e  region 
hh 1.1-1.3 p ;  six i n  t h e  region Ah 1.4-1.6 p ) .  E l l i s  
r e f l ec to r ,  grat ing 600 rulings/", s l i ts  2.2 and 
2.5 mn (Ah = 40 A ) ,  recording speed 2.2 A/sec, T = 

= 4.4 sec, z = 28 - 4.0". 

d e t a i l .  For a long t i m e ,  this p a r t i c u l a r  study remained t h e  only one i n  existence 
u n t i l  f i n a l l y ,  as l a t e  as toward t h e  end of t h e  1950s, Kiess, Corliss, and Kiess 
(Ref .4.52) obtained a series of spectrograms of Jup i t e r  with a dispersion from 
2 t o  5 A, using a collimating lens  of extremely modest dimensions and a concave-
grating spectrograph. These authors made detai led comparisons of various bands 
i n  t h e  Jovian spectrum, with t h e  laboratory spectra  of CH, and NH, i n  t h e  i n t e r v a l  
6x)O - 8000 A and arr ived a t  a new and exceptionally inportant r e s u l t :  They 
found quadrupole l i n e s  of t h e  3 - 0 band of molecular hydrogen (Table 76). 

The low mean densi ty  of Jup i t e r  and t h e  indisputably r e l i c t ,  primeval (378
character of i t s  atmosphere have long furnished a j u s t i f i c a t i o n  f o r  many authors 
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Fig.160 Spectrum of Jup i t e r  Recorded with Balloon-Borne 
Telescope, Project "Stratoscope 1111 (Ref .4&5). 

TABIE 76 

QUADRUPOLE LINES OF THE ( 3 , O )  Hz BAND IN THE SPECTRUM 
OF JUPITER (REF.452) 

Laboratory Wave1 e n g t h s  i n  
Notation ! Wavelengths,  A 1 J ov ian  Spectrum 

,0(1) I 	 8437.40 I 8497.52 
8272.69 8272.60 

(3* O) {g 14 8150.68 8150. G6 
8046 I 44 8946.44 

t o  defend t h e  hypothesis of a subs t an t i a l  amount of hydrogen and helium on 
Jq i te r .  b u m  and Code (Ref.68) plot ted t h e  curve of a t tenuat ion of o Arietis 
during t h e  occultation of t h a t  star by t h e  Jovian disk and derived from it t h e  
sca l e  height 

I-I = 8.3:;:: km. (5.1) 

The limits given above are extreme, and t h e  probable e r r o r  appears t o  be 
smaller. T h i s  quantity pe r t a ins  t o  comparatively high a l t i t u d e s  (P < IC3 mb) . 
Following Kuiper ( R e f  .307), Baum and Code assumed T = 86'K f o r  Jupiter's atmos
phere whence t h e  mean molecular weight of  t h e  atmosphere would be IJ. = 3.3 f 1.1. 
Thus, t h e  hypothesis of t he  considerable content of t h e  l i g h t  gases i n  t h e  Jovian 
atmosphere has been observationally confirmed. It would be extremely brportant, 
however, t o  fu r the r  substant ia te  this confirmation with spectroscopic observa
t ions .  Long ago, Herzberg mentioned t h e  fundamental p o s s i b i l i t y  of u t i l i z i n g  
quadrupole l i n e s  as a means of detecting molecular hydrogen i n  the  atmosphere of 
t h e  giant  planets  [ c f .  (Ref  .&)I and this w a s  ult imately accomplished i n  t h e  
study by Kiess, Corliss, and Kiess. Spinrad and Trafton (Ref.455) measured t h e  
equivalent widths of t h e  l i n e s  S(1) and S ( 0 )  shown i n  Table 77 and found yet  
another Hz l i n e  belonging t o  t h e  (4-0) band, namely S(1) h 6367.80 A .  Its 



Fig.l.61 Ratio of Spectral  In t ens i t i e s  for Jupiter and 
Sun from Traces Recorded with Grating and Replica 

600 Rulings/mm. 
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Fig.162 Laboratory Spectra of CH, and NF& i n  t h e  Region Ah 0.95-1.70 p.  
: CH4, equivalent pa th  80 m and pressures of ( a )  10 m Hg; 
28 cm Hg; (c )  1.0 a t m ;  (d) 2.0 atm; (e )  3.4 a t m ;  ( f )  5.0 a t m .  

Bottom: NH reduced thickness of 0.5 ( a ) ,  1.0 (b),  2.5 ( c ) ,
5 Ti),10 (e )  and 20 m a t m  ( f ) ,  (0)  - free c e l l .  
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equivalent width i s  8 f 2 A. The l i n e  S(1) (4-0)i s  weaker, but on t h e  other 
hand it i s  f r e e  of overlap by t h e  t e l l u r i c  absorptions which complicate an exact 
determination of t h e  l i n e  i n t e n s i t y  of t h e  band (3-0). 

" fEI l77  

EQUIVALENT WIDTHS OF THE mFS S(1) AND S(0) OF 
THE (3-0) H, (in m A )  (REF.455) 

.-
I I I 

Labor at o r y  Temperature T = 300% 
( 4 5  km-atm) 14 -
J u p i t e r  (1957)  80 40 Z a b r i s k i e ' s  measurements 

from t h e  p l a t e s  of  K i e s s ,  
C o r l i s s ,  and K i e s s  

J u p i t e r  (1962)  i 40 31 Central  mer id ian  

J u p i t e r  (1962)  I 28 I - IEquator 

Quadrupole l i n e s  are very weak and t h e i r  detect ion under laboratory condi
t i o n s  requires paths  a t t a in ing  several  t ens  of kilometers i n  length. Obviously, 
t h e  presence of quadrupole l ines  of H, i n  t h e  spectrum of Jup i t e r  i s  possible  
only i f  t h e  molecular hydrogen is  t h e  basic, o r  one of t h e  basic,  const i tuents  
of t h e  atmosphere. However, t h e  quant i ta t ive estimates d i f f e r  substant ia l ly .  
Thus Zabriskie (Ref 4 5 6 )  estimated t h e  equivalent p a t h  of H, i n  Jupiter's atmos
phere as approximately 5 km a t m ,  whereas Spinrad and Trafton, on t h e  basis of 
1962 observations, estimated it as 27 f 9 km a t m .  These estimates were derived 
from l i n e s  of t h e  band (3-0).  The value derived by Spinrad and Trafton seems 
reliable, s ince it was derived empirically by comparison with laboratory spectro
grams (mean a i r  mass f o r  Jupiter was taken as M = 4);Zabriskie, on t h e  other  
hand, proceeded from t h e o r e t i c a l  values of i n t e n s i t y .  Foltz and Rank ( R e f  .457) 
found t h a t  detect ion of t h e  l i n e  S(1) (4-0) requires  an amount of hydrogen one 
o d e r  of magnitude g rea t e r  t han  t h a t  specif ied by Spinrad and Trafton, but Foltz 
and Rank based t h e i r  conclusion on t h e o r e t i c a l  relative i n t e n s i t i e s  of (4-0) and 
(3-0). Note t h a t  t h e  presence of t h e  l i n e  S(1) (4-0)w a s  confirmed by Herbig 
[cf.  (Ref.24.7)I. The study by Rank, Fink, Foltz, and Wiggins (Ref.&7) gives 
t h e  i n t e g r a l  absorption coeff ic ient  f o r  t h e  l ine  S(1) of t h e  band (3-0). They 
obtained 1.1x cm-'/atm km. According t o  Table 77, t h e  mean equivalent 
width of S(l), as measured by Spinrad and Trafton, i s  50 f 15 d o r  (7.5 f 
f 2.5) lo-" cm-l, whence t h e  equivalent pa th  i n  t h e  atmosphere of Jup i t e r  w i l l  
be 

which, within t h e  e r r o r  l i m i t ,  i s  i n  agreement with t h e  estimate by Spinrad and 
Trafton. 

According t o  Rank et al .  ( R e f  .a?),t h e  ant ic ipated i n t e n s i t y  r a t i o  under 



-- 

laboratory conditions i s  

whereas observations on Jupi te r  give 

%.e., t h e  amount of H, derived from t h e  l i n e  S(1) (4-0) i s  four t i m e s  as high as 
t h e  amount derived from S(1) (3-0). Considering that t h e  air-mass estimate 
adopted by Spinrad and Trafton apparently i s  somewhat exaggerated, we der ive 
from this l i n e  S ( 1 )  (4-0) an  equivalent pa th  of - 90 km a t m  with an  indeter
minacy of t h e  order of 2. I n  t h e  calculations,  t h e  mean a i r  mass M was taken 
as 3. The discrepancy between eqs .( 5.3) and (5.4) i s  not as large as had been 
found i n  t h e  ear ly  study by Foltz and Rank (Ref.457) but s t i l l  remains f a i r l y  
substant ia l .  T h i s  contradiction may be due t o  one of t he  following f ac to r s  /380
( o r  t o  both): 1)The l i n e  S ( 1 )  (3-0) i n  t h e  spectrum of Jupi te r  comes close t o  
saturat ion,  i n  which case the  estimate of approximately 90 km atm, derived 
from the  l i n e  S ( 1 )  (4-0), i s  closer  t o  r e a l i t y ;  2) t he  l i nes  form i n  t h e  cloud 
layer during multiple sca t te r ing  on aerosols.  The la t te r  fac tor  seems more l ike
ly .  In Section 3.4- it w a s  shown t h a t ,  i n  t h e  presence of multiple scat ter ing,  
t he  following r e l a t ion  must apply t o  weak l i n e s  

tabs mt'kb, (5.5) 

i f  absorption i n  the  l i n e  grea t ly  exceeds t r u e  absorption i n  a continuous spec
trum. 

According t o  Kuiper (Ref&), t he  equivalent path of CH, i n  t he  atmosphere 
of  Jupi te r  i s  150 m atm and t h a t  of NH,, 7 m atm. These estimates were 
derived from t h e  r e l a t ive ly  weak bands i n  the  v i s ib l e  spectrum region. Ea r l i e r  
(Ref.442, 443), we derived much lower values of t h e  equivalent path of NH, than 
did Kuiper, namely - 1m a t m .  The reasons f o r  this discrepancy Will be dis
cussed below. A l l  above estimates of t h e  content of various molecules should 
not be l i t e r a l l y  construed as re fer r ing  t o  values of reduced thickness,as done oc
casionally.  The term llequivalent path" was used here ( a s  e a r l i e r )  so le ly  with 
respect t o  t h e  amount of gas which, under normal conditions, gives the  same ab
sorpt ion as the  observed absorption. A determination of t he  r e a l  values of re
duced thickness of various gases i n  t h e  atmosphere of Jupiter would require 
&ng an allowance f o r  t h e  r o l e  of sca t te r ing  i n  the  formation of the  l ines ,  as 
w e l l  as f o r  t h e  pressure and temperature e f f ec t s .  It should be noted t h a t  t he  
r e l a t ive  l i n e  i n t e n s i t i e s  i n  the  CH, and NH, bands i n  the  Jovian spectrum d i f f e r  
from t h e i r  laboratory counterparts owing t o  t h e  lower temperature of t h e  former 
(Ref* l l l ,  452, 455) 

Recently, Owen made a de ta i led  analysis  of high-dispersion spectrograms of 
Jupiter with t h e  object of detect ing any previously unknown l ines .  He published 
his results only with respect t o  t h e  region Ah 7800-U-,200 A (Ref  .45�!, 459). In 
addition, Owen, Richardson, and Spinrad described a new NH, band near A 7650 
(Ref .460). The equivalent pa th  f o r  t he  weakest l i n e s  of this band i s  markedly 
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g r e a t e r  than 7 m a t m .  I n  t h e  i n t e r v a l  9000 - = , S O  8, no fundamentally new 
i d e n t i f i c a t i o n  could be made but, from a comparison with t h e  laboratory spectra 
of a number of compounds recorded with a similar dispersion, Owen derived t h e  
upper limits of t h e i r  qantitative abundance i n  t h e  atmosphere of Jupiter. The 
values of these rpper limits are given i n  Table 78. To this m u s t  be added t h e  
upper limit of t h e  abundance of C02 (1m a t m )  derived ear l ier  (Ref ,443) .  

TABU 78 

UPPER IJMITS OF ABUNDANCE OF CERTAIN GASES IN 
JUPITERtS ATMOSPHERE (REF.460) 

.. . -. . .___ 
Upper  L i m i t  of  

Gas P a t h * ,  i n  C a s  Band, 1 Equiva lent  
( P a t h * ,  i n  m - a t m  

9936 20 
10385 2 
9738 20 

7377,7464 500 
e 

+I. A s s d n g  t h a t  E = 3 .  

Kiess, Corliss, and Kiess (Ref.452) assumed t h a t  t h e  decrease i n  t h e  albedo 
of Jup i t e r  with decreasing wavelength i n  t h e  blue po r t ion  of t h e  spectrum may 
be a t t r ibu ted  t o  t h e  presence of NO,. Peek (Ref  ,415) and c e r t a i n  other authors 
suggested so l id  p a r t i c l e s  of NOz as t h e  agent responsible f o r  t h e  red color  of 
t h e  bands. It i s  doubtful whether nitrogen dioxide ac tua l ly  exists i n  t h e  Jovian 
atmosphere. I n  t h e  region h 2700 A, Bogges and Dunkelman (Ref . l l O )  found, on 
t h e  basis of rocket observations, that Jq i t e r t s  albedo i s  0.26, which would 
ind ica t e  extremely strong NO2 absorption. Recent spectroscopic observations by 
Stecher (Ref.484) confirmed t h e  comparatively high albedo of Jup i t e r  i n  t h e  far  
u l t r av io l e t .  Moreover, t h e  decrease i n  albedo with wavelength i n  t h e  near ultra
v i o l e t  ac tua l ly  i s  much slower than had been derived by Kiess, Corliss, and 
Kiess [cf . (Ref . a b )  1. 

When t h e  slit of t h e  spectrograph i s  set p a r a l l e l  t o  t h e  equator, t h e  
s p e c t r a l  l i n e s  on t h e  limb are sh i f t ed  i n  various d i r ec t ions  owing t o  t h e  Doppler 
e f f e c t  induced by r o t a t i o n  of t h e  planet .  A s  a result, t h e  l i n e s  start slanting, 
and t h e i r  angle of s l a n t  can be used t o  measure t h e  r o t a t i o n a l  velocity. As i s  
r ead i ly  ascertained, t h e  angle of s l a n t  of t h e  l i n e s  forming i n  t h e  atmosphere 
of t h e  outer planets  m u s t  be half as wide as t h e  angle of s l a n t  of Fraunhofer 
l i n e s  i f  absorbing gases r o t a t e  at  t h e  same veloci ty  as s c a t t e r i n g  clouds. 
Spinrad and Trafton (Ref.455) found that t h e  i n c l i n a t i o n  of t h e  NH, l i n e s  i s  
smaller than expected, which .formally may be a t t r i b u t e d  t o  t h e  slower ro t a t ion  
of NH, masses compared with t h e  r o t a t i o n  of t h e  clouds; t h e  difference i n  rota
t i o n a l  ve loc i t i e s  must a t t a i n  4. km/sec. Considering that t h e  clouds appear t o  
consis t  largely of condensed NH, (see below), this seems highly surprising. Other 
authors [cf (Ref .461)1who, following t h e  publ icat ion of t h e  study by Spinrad 
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and Trafton, attempted t o  detect  t h e  phenomenon: of anomalous incl inat ion,  were 
unsuccessful. It may be that this phenomenon i s  of a labile nature, but it 
i s  more l i k e l y  that Spinrad and Trafton's conclusion ( R e f  .455) concerning t h e  

/382 
presence of anomalous i n c l i n a t i o n  was due t o  some overlooked instrument e r ro r s .  
Note t h a t  t h e  widths of NH, l i n e s  great ly  exceed t h e  widths of Fraunhofer and 
CH, l i nes .  

Section 5.4 	 - & u s a t i v e  I n t e m r e t a t i o n  of t h e  2bectra of 
Jup i t e r  (Chefical  Composition and Pressure) 

a)  Variations i n  intensity-from center t o  h b .  The simplest model from 
t h e  viewpoint of quant i ta t ive analysis  is the  direct-ref lect ion model: The 
cloud layer  has a sharp boundary which i s  op t i ca l ly  equivalent t o  a s o l i d  surface 
above which lies t h e  Ilsupracloudll atmosphere. Applying t h e  same techniques of 
analysis  as those i n  Chapter I1 f o r  Mars, this model can be used f o r  determining, 
from t h e  unsaturated l i nes ,  t h e  amount of absorbing gases above t h e  cloud layer  
and, from the  saturated l i nes ,  t h e  mathematical product of this amount and t h e  
t o t a l  pressure a t  t h e  cloud top. For Venus, this model obviously does not fit 
t h e  a c t u a l  physical  p i c tu re :  The phase course of t h e  i n t e n s i t y  of C02 bands i n  
t h e  Venusian spectrum cannot be matched with t h e  direct-ref lect ion model. 

The phase angle of Jupi ter  va r i e s  only within narrow l imi t s  s o  t h a t  it i s  
impossible t o  use t h e  p*se course of t h e  i n t e n s i t y  of absorption bands as a 
c r i t e r i o n  f o r  a p p l i c a b i l i t y  of t h e  model. Conversely, i n  View of t h e  consider-

. 	 able angular dimensions of t h e  disk, var ia t ions i n  i n t e n s i t y  from center t o  limb 
may be used as such a c r i t e r i o n .  

The i n t e n s i t y  d i s t r i b u t i o n  of CH, and NH,  bands over t h e  disk has beenin
vestigated by various authors. A survey of ea r ly  s tud ie s  (Elvey and Farley, 
Yeropkin, Bobrovnikov, Slipher) i s  given i n  t h e  paper by Hess (Ref .462). A l l  of 
these invest igators  mentioned t h e  absence of var ia t ions i n  t h e  i n t e n s i t y  of CH, 
bands; as regards t h e  NH, bands, t h e  conclusions were somewhat contradictory. 
Hess himself found t h a t  t h e  CH, bands h 6190 A and h 6490 a become somewhat 
weaker toward t h e  limb i n  the  equa to r i a l  region and markedly stronger on t ransi
t i o n  from t h e  equa to r i a l  t o  t he  temperate and po la r  regions; t h e  i n t e n s i t y  vari
a t ions  along t h e  equator as derived by Hess a l so  do not exceed t h e  e r r o r  l i m i t ,  
and although Hess himself considered them real, we can hardly agree with him. 
V.G.Teyfelf (Ref.463), i n  his study of spec-bra with lower dispersion (a3A/" 
a t  Hv) but greater  i n  number than those investigated by Hess, found no marked 
va r i a t ions  i n  t h e  band h 6190 A along t h e  equator. The meridional d i s t r i b u t i o n  
w a s  s l i g h t l y  nonuniform but less so than found by Hess. Apparently, t h e  in
t e n s i t y  of t h e  CH, band h 6190 A on t h e  equator does not vary over a distance of 
0.9 R, (where R, i s  t h e  apparent radius)  from t h e  center of t h e  disk.  T h i s  dis
crepancy can be conclusively s e t t l e d  only with methods of photoelectr ic  spec
trophotometry which a r e  able t o  g rea t ly  increase t h e  accuracy of t h e  r e s u l t s .  
M*kch and Younkin (Ref .464), using a photoelectric spectrometer, found t h a t  t h e  
i n t e n s i t y  of t h e  band h 6190 A ac tua l ly  decreases somewhat along t h e  equator 
from t h e  center toward t h e  h b ,  but they gave no numerical estimates i n  t h e i r  
preliminary report. According t o  Hess, this va r i a t ion  l i es  within t h e  limits 
of 5% over a dis tance of 60' Long. from t h e  center.  A similar r e s u l t  ( s l i g h t  
decrease i n  i n t e n s i t y  toward t h e  limb) was obtained f o r  t h e  bands h 6450 A and 
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h 7900 A .  In  t h e  d i r ec t - r e f l ec t ion  model, t h e  i n t e n s i t y  a t  a dis tance of 60' 
should be twice as high as at  t h e  center f o r  t h e  case of unsaturated l i nes ,  
and & ? t i m e s  as high f o r  t h e  case of saturated l i n e s .  The l i n e s  of t h e  quadru
pole band (3-0) H2 display no var ia t ions with longitude o r  l a t i t ude .  The strong 
CH, band 8900 A markedly increases  i n  i n t e n s i t y  with l a t i t u d e  but i t s  i n t e n s i t y  
decreases again near t h e  poles, and br ight  p o l a r  caps are observed on Jupiter 
f o r  this wavelength. V.G.Teyfel* (Ref  4 .65 )  independently found t h a t  bhe in
t e n s i t y  of t h e  bands hh 7250, 8860, and 9900 A increases  i n  t h e  temperate lati
tudes (fig.163). The increase i n  band i n t e n s i t y  may be due t o  t h e  decrease /384
i n  a l t i t u d e  of t h e  cloud top on t r a n s i t i o n  t o  higher l a t i t udes .  ( T h i s ,  however, 
does not account f o r  t h e  anomalous polar izat ion;  see above.) The '!polar caps11 
probably represent high-altitude clouds which may consis t  of frozen methane. 
Miinch and Younkin found t h a t  t h e  CH, and NH, absorption bands are stronger i n  
t h e  zones than i n  t h e  belts - a result t h a t  could not be obtained with methods 
of phot ographic spectrophotometry . 

-ns , 

F'ig.163 Variation i n  In t ens i ty  of t h e  Bands hh 7250, 8860, 
and 9900 d along t h e  Central  Meridian (a) and Equator (b)  

of Jup i t e r  ( R e f  .465). 
I, - In t ens i ty  of absorption band at center;  I, - In t ens i ty  

of continuous spectrum. 

Other authors (Ref.464) assumed t h a t  t h e  absence of var ia t ions i n  H2 l i n e s  
over t h e  disk i s  due t o  sa tu ra t ion  of these l i n e s .  That i s  a doubtful assump
t ion .  Individual CH, l i n e s  i n  strong bands display equivalent widths t h a t  are 
many times g rea t e r  than those of H, l i n e s ;  t he re  i s  no doubt t h a t  they a r e  satu
rated,  and ye t  these bands exhibit marked var ia t ions.  Apparently, t h e  negligible 
dependence on pos i t i on  on t h e  disk i s  a cha rac t e r i s t i c  f ea tu re  of a l l  weak l i n e s  
and has t o  do with t h e  conditions of t h e i r  formation. Concerning t h e  H2 l i nes ,  
it m u s t  be p a r t i c u l a r l y  emphasized t h a t  t h e  accuracy of measurement of intensi
t i e s  of these l i n e s  i n  the  work by Miinch and Younkin could not be high consider
ing  t h a t  t h e i r  observations, as reported, were carr ied out with a resolut ion 
of 10 A .  
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It i s  obvious t h a t  only t h e  var ia t ions i n  i n t e n s i t y  along t h e  equator are 
a suitable t o o l  f o r  analyzing t h e  conditions of l i n e  formation on t h e  basis of 
t h e  center-to-limb e f f e c t .  Meridional var ia t ions are a t  least p a r t i a l l y  due t o  
l a t i t u d i n a l  differences,  whereas on t h e  equator similar e f f e c t s  appear t o  be 
absent. On t h e  equator, as we have seen, c e n t e r - t o - h b  variations are e i t h e r  
completely absent or just barely discernible,  a r e s u l t  which cannot f i t  t h e  
elementary hypothesis of a dense cloud layer  with a smooth and sharp boundary 
located at  a constant a l t i t u d e .  Three hypotheses have been proposed t o  account 
f o r  t h e  in s ign i f i can t  extent of center-to-Esnb var ia t ions:  

1)Hess (Ref 4-62!): The a l t i t u d e  of t h e  cloud layer increases from t h e  sub-
s o l a r  point  (which virtually coincides with t h e  center) toward t h e  limb of t he  
disk owing t o  var ia t ions i n  temperature; t h e  g rea t e s t  evaporation rate exists 
at t h e  center and it i s  the re  t h a t  t h e  cloud top l i es  lowest. 

2) Squires (Ref 4 7 2 ) :  The cloud top has an i n t r i c a t e  relief such t h a t  t h e  
atmosphere i s  more transparent a t  t h e  center of t h e  disk.  

3) Sharonov (Ref .3): The l i n e s  form within t h e  cloud layer a t  multiple 
s ca t t e r ing  and, s ince t h e  albedo of t h e  individual  s ca t t e r ing  event i n  a l i n e  
i s  higher, l i m b  darkening within t h e  l i n e  i s  smoother than within a continuous 
spectrum (c f .  fig.36). Then the  equivalent width must decrease with approach 
t o  the  l i m b .  If part. of t h e  absorbing gas i s  located above t h e  cloud, then, 
depending on t h e  extent of i t s  contribution, we may e i t h e r  have a center-to
limb or a l imbto-center  e f f e c t .  T h i s  explanation i s  a l so  supported by Teyfelt 
(h f .465)  

The hypothesis of multiple s ca t t e r ing  seems most logical,  but t h e  two & 
other hypotheses a l s o  do not m e e t  with serious objections.  Squires c r i t i c i z e d  
H e s s r  hypothesis on t h e  grounds that it requires  an excessively low density of 
t h e  disperse phase. Within t h e  several  hours t h a t  elapse between sum-ise and 
noon on Jupiter,  t h e  a l t i t u d e  of t h e  cloud layer,  a.ccording t o  this h othesis,  
would have t o  vary by about 10 lan (somewhat l e s s  than t h e  scale  he ighq .  During 
t h a t  period gm cm-2 NH, may evaporate s o  t h a t  t h e  density of t h e  disperse 
phase must be gm cm-". Such a densi ty  i s  two orders of magnitude lower 
than i n  t e r r e s t r i a l  clouds gm me"). It i s  on this basis that, Squires 
r e j e c t s  Hesst hypothesis. A s  hii l l  be shown below, t h e  multiple-scattering model 
does give a r e l a t i v e l y  low densi ty  of t h e  disperse phase. Hence, when using 
this model as basis, t he  possible  influence of var ia t ions i n  t h e  a l t i t u d e  of t h e  
cloud layer  must be borne i n  m i n d .  V.G.Teyfel1 and N.V.Priboyeva discovered 
f a i r l y  extensive var ia t ions i n  t h e  equivalent width of t h e  CH, band 6190 A at 
t h e  center of t h e  disk,  from one night t o  another, sometimes reaching 15% 
(Ref .4.38). 

Thus t h e  center-to-limb e f f e c t  i s  not a conclusive c r i t e r i o n  f o r  deciding 
between t h e  various models and hypotheses. The hypotheses of Hess and Squires 
merely represent modifications of t h e  d i r ec t - r e f l ec t ion  model and, i n  calcula
t i o n s  t o  a first approximation, make it possible  t o  employ a l l  t h e  mathematical 
apparatus inherent i n  this model. Owen ( R e f  .4.59), arguing i n  favor of t h e  
direct-ref l e c t i o n  model, mentioned t h a t  t h e  agreement between t h e  t h e o r e t i c a l  
and observed i n t e n s i t y  d i s t r i b u t i o n  i n  t h e  methane band 3v, 11,057 A wi11.merely 
de t e r io ra t e  with t r a n s i t i o n  t o  t h e  multiple-scattering model. 



Below we s h a l l  consider t h e  problem of quant i ta t ive chemical analysis of 
t h e  Jovian atmosphere f o r  both models ( d i r e c t  r e f l e c t i o n  and multiple s ca t t e r 
ing).  However, first we w i l l  discuss t h e  estimates of t o t a l  pressure i n  t h e  
Jovian atmosphere according t o  l i n e  width. 

- b) U n e  widths i n  t h e  sDectrum of Jupiter.  The width of absorption l i n e s  
i s  the  most d i r e c t  source of information on pressures i n  planetary atmospheres,
but i t s  measurement i s  a d i f f i c u l t  experimental problem. It should be noted 
t h a t  t h e  l i n e  width i s  not g rea t ly  influenced by t h e  p a r t i c u l a r  model selected,  
whether this i s  t h e  multiple-scattering or  t h e  d i r ec t - r e f l ec t ion  model. Given 
a s u f f i c i e n t l y  strong t r u e  absorption i n  t h e  continuous spectrum, t h e  widths of 
weak l i n e s  coincide f o r  both models whereas i n  the  absence of such absorption 
these widths d i f f e r  by a f a c t o r  of & ( c f .  Sect.3.4). Unfortunately, t h e  ob
servat ional  material i s  extremely l imited; only Spinrad and Trafton (Ref  4 5 5 )  
gave estimates of t h e  widths of CH, and NH, l i n e s  i n  t h e  spectrum of Jupiter. 
For t h e  l i n e s  of t h e  CH4 band h 6190 A, Spinrad and Trafton specified t h e  
upper limit of t h e  half-width as Ah 5 0.03 A o r  hG I 0.08 cm-l. Assuming, i n  
accordance with Table 9, t h a t  

UCH,-H, =0.1 cm-', 

and a l s o  t h a t  

T = 170" I(. 

( c f .  Sect.5.5), then eqs.(1.46) and (1.72) y i e l d  t h e  upper l i m i t  of pressure a t  
t h e  lrsurfaceft of t h e  cloud layer: 

If an appreciable proportion of helium i s  present,  this value may be increased, 
s ince  CY^^^-^^ = 0.06 cm-'. However, i n  t h e  d i r ec t - r e f l ec t ion  model, we appa
r e n t l y  may assume Pl < 2 a t m .  Spinrad and Trafton derived a somewhat higher 
value (Pl < 2.8 a t m )  f o r  t h a t  model, s ince they assumed lower values of (Y and 
T (0 .Oh cm-I and 15OoK,  respectively) . 

The half-widths of NH, l i n e s  i n  t h e  Jovian spectrum are much greater .  
Spinrad and Trafton measured a l a rge  num9er of l i n e s  i n  t h e  band A 6450 A. The 
s c a t t e r  of t h e  values w a s  wide, but on t h e  whole t h e  measurements give 0.43 cm-I 
with an e r r o r  of roughly fO.l cm-I . According t o  Table 9 and eq.( 5.6) we thus 
have Pl = 4 a tm,  but, owing t o  condensation, t h e  sca l e  height f o r  NH, should be 
g rea t ly  below average, which means t h a t  t h e  coe f f i c i en t  of 2 i n  eq.(5.6) i s  
excessive and Pl = 2 a t m  i s  obtained f o r  t h e  d i r ec t - r e f l ec t ion  model. O f  
cowse, this estimate does not allow f o r  t h e  possible  d i s t o r t i o n  of t h e  p r o f i l e s  
of NH, l i n e s  i n  t h e  band A 6450 A due t o  inversional  doubling. Ln one way or 
another, t h e  quantity 

PI = 3 atm (5.7.) 

i s  t h e  upper l i m i t  of pressure at some e f f ec t ive  level  of formation of t h e  CY, 
and NH, l ines ,  i r r e spec t ive  of whether d i r e c t  r e f l e c t i o n  o r  multiple s ca t t e r ing  
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i s  assumed. , I n  t h e  d i rec t - re f lec t ion  model, such a pressure per ta ins  t o  t h e  
llsurfacell of t h e  cloud Layer, whereas i n  t h e  multiple-scattering model it refers 
t o  deeper strata of this layer .  

c )  Quantitative a n a l y s i u E  &he d i rec t - re f lec t ion  model. In this model, 
t h e  in t ens i ty  of unsaturated l i n e s  t h a t  arise due t o  absorption from the  ground 
l e v e l  is independent of temperature, pressure, and extraneous impurit ies.  It 
i s  d i r e c t l y  proport ional  t o  t h e  quantity of t h e  absorbing substance, and esti
mates of equivalent width derived from these Lines m a y  be regarded as values of 
reduced thickness. It is obvious t h a t  t he  weakest l i n e s  must be u t i l i zed ,  since 
t h e  accuracy of such estimates increases with increasing distance from satura
t ion .  Accordingly, t h e  l i n e  S(1) of t h e  band (4-0) Ha must be preferred over /387
t he  l i n e s  of t h e  band (3-0) ;  seen from the  Viewpoint of this model, t h e  dis
crepancy between t h e i r  relative and theo re t i ca l  i n t e n s i t i e s  can be explained only 
by saturat ion.  Thus, t h e  reduced thickness of �I2 may be taken as 

uH, = 9x100 cm. a t m  = 800gm.cm-a. 

I n  Section 5.3, we calculated t M s  quantity as t h e  equivalent path f o r  t h e  l i n e  
S(1)  of t h e  band (4 -0)  according t o  observations by Spinrad and Trafton, making 
use of t h e  absorption coeff ic ient  given by Rank e t  a 1  ( R e f  .%7). If hydrogen 
i s  the  main consti tuent of t h e  atmosphere and t h e  temperature of t he  cloud layer 
is  170°K (c f .  Sects.5.5 and 5.6) then t h e  height sca le  w i l l  be 

H = - =kT 1.38k IO-"X 170 

ntg 1.67 x 10-24 r( 2 % 2500 = 28 km 


and the  pressure,  
P = nkT = ug = 2 atm, ( 5 . 9 )  

which i s  i n  good agreement with t h e  estimate ( 5 . 7 ) .  However, a pure hydrogen 
atmosphere hardly f i t s  the  conclusions derived from the  occultation of 0 Arietis, 
discussed i n  Section 5.3. To have t h e  r e s u l t s  agree, t h e  temperature..at t he  
level of occul ta t ion must be assmed as T = 50°K, which i s  too low. C-pik
(Ref .466) i n  examining ( incorrect ly ,  by t h e  way; c f .  Sect .5.5) t he  question of 
temperature at t h e  occul ta t ion level ,  derived T = 112"K, from which he found 
p = 4.3 f 0.5 based on t h e  scale..height calculated by Baum and Code from ob
servations of t h e  occultation. Opik assumed t h a t  t h e  atmosphere of Jupi te r  
consis ts  almost e n t i r e l y  of helium. Since, a t  t h a t  t h e ,  quadrupole l i nes  of 
H2 had already been discovered, such an assumption implied extremely high 
pressures at t h e  surface, even when using the  then only known and excesgively 
low Zabriskie estimate of t h e  amount of H, (5  km a t m )  . According t o  Cpik, 
t h e  r a t i o  of content of He t o  H2 i s  

IIe :I-I2 =:50. 

If, as 6pik assumed i n  accordance with Zabriskie, uH2 = 5 km a t m ,  then t h e  
t o t a l  pressure W i l l  be = 10 atm,  which already i s  too  high [see paragraph b) of 
this Section]. However, present-day estimates of t h e  amount of H2 are 20 times 
as high implying a pressure of 200 a tm,  which d e f i n i t e l y  i s  unlikely. Assuming
3 a t m  as t h e  upper l i m i t  of pressure [see paragraph b)], t h e  proportion of 
helium W i l l  be fair ly  ins igni f icant .  Spinrad and Trafton assumed a r a t i o  of 

317 



H e :  H, = 0.6 (5  -10) 

according t o  t h e  number of molecules. T h i s  gives a sca l e  height of 19 km and /388
p a r t i a l  pressures of 

I’H~ = 3.2 atm,  P H ,  = 1.9 atm . 

Then t h e  t o t a l  pressure would be 5 a t m  which i s  s t i l l  t o o  high, and eq.(5.10) 
may be regarded as a f i r m  upper limit of t h e  relative content of He. The lower 
limit may be t h e  mean cosmic propagation r a t i o  He/(He + H) = 0.15. Taking i n t o  
account t h e  molecular state of hydrogen, this gives 

He : 11, = 0.36. ( 5  .w 
Some.additiona1 information on t h e  H2 content on Jup i t e r  can be derived 

from an analysis  of i t s  spectrum i n  t h e  region Ah 2-2.5 p .  I n  addi t ion t o  t h e  
narrow quadrupole l i n e s  of H2 it can be e ected that t h e  Jovian spectrum W i l l  
contain extremely broad ( seve ra l  hundred 8 l i n e s  induced by pressure a t  t h e  
fundamental v ib ra t iona l  frequency (region Ah 2-2.5 p )  and a t  t h e  first-harmonic 
frequency (1.1-1.2 p ) .  Unfortunately, both these regions show considerable 
overlap by absorption of other  gases, but some useful  estimates a r e  s t i l l  pos
sible.  Near h 1.97 p, t h e  CH, and NH, absorption i s  small  compared with t h e  
adjoining regions. According t o  Fig.156 the  r e s i d u a l  i n t e n s i t y  here i s  5%. If 
t h e  t o t a l  absorption near A 1.97 p i s  ascribed t o  t h e  fundamental pressure-
induced vibrat ional-rotat ional  band of H,, t hen  t h e  upper limit of t h e  amount 
of H, can be estimated. According t o  other authors (Ref.467, 468), t h e  coeffi
c i en t s  of induced absorption a t  T = 300’K f o r  this wavelen h amount t o  s = 7 x 
x 10- cm-’ amagat-, (H, - H,) and 3 X cm-I amagat-‘(H2 - H e ) .  Here, 
t h e  -gat i s  a densi ty  uni t  corresponding t o  noma1 conditions. Thus, 1ama
gat  = 2.69 x id9 molecules ~ m ‘ ~ .  Induced absorption is proportional t o  t h e  
square of pressure.  The wavelength 1.97 p corresponds t o  t h e  l i n e s  S ( 3 ) ,  whose 
i n t e n s i t y  i n  a pure r o t a t i o n a l  spectrum decreases by a f a c t o r  of 6 - 7 on cooling 
t o  85’K (Ref.468). Hence, f o r  Jup i t e r  we assumed lower values of t h e  absorption 
coefficient:  3 x lT7 cm-I and 1.2 x cm-I magat’,. I n  r e a l i t y ,  
these values are probably somewhat higher. The o p t i c a l  thickness of t h e  iso
thermal atmosphere f o r  a quadratic densi ty  dependence of t h e  absorption coeffi
cient,  as r ead i ly  ascertained, i s  equal t o  

where s i s  t h e  absorption coeff ic ient ;  ,nl i s  the  densi ty  of H, a t  t h e  base of 
t h e  atmosphere; H i s  t h e  sca l e  height; M i s  t h e  mean a i r  mass. 

A s s d n g  t h a t  = 2 ( t h e  observations p e r t a i n  t o  t h e  c e n t r a l  po r t ion  of t h e  
disk) ,  we calculated T along t h e  l i n e  of s igh t  f o r  s eve ra l  values of uH2 = n,H 
and y. These are given i n  Table 79. The column y = 0.7 corresponds t o  t h e  
cosmic abundance of H and He. 

The r e s idua l  i n t e n s i t y  of 5% i s  equivalent t o  7 = 3 .  I n  view of possible  



errors i n  the estimation of t h e  absorption coeff ic ient  and T [note t h a t  
Debouille e t  al .  (Ref .44.6) give an even lower value of T, namely about 1.51 , it 
may be assumed t h a t  

'IO<uH, < 4 5 k m .  alm, if y>00.7,  

5 <uH,<22 km . atm, if y = 0.5. I (5  0131 

Any lower values of r e l a t i v e  concentration are precluded, since they would give 
too high a value of o p t i c a l  thickness. Note again that, by ascribing t h e  t o t a l  
observed absorption t o  molecular hydrogen, t h e  upper limit of i t s  content can 
be determined. Obviously, t h e  discrepancy between estimates based on induced 
absorption and on quadrupole absorption cannot be eliminated even at y = 1, but 
it has i t s  minimum a t  such values of y. I n  t h e  Jovian spectrum, induced absorp
t i o n  i n  the  region of t h e  Q-branch of t h e  first harmonic [c f .  Ref  .468, 4-70)1 
must amount t o  5 - 10% near A 1.23 p, and t h e  contribution of Ha t o  t h e  intensi
t y  of t he  planet  band observed a t  this wavelength may be qui te  substant ia l .  

OPTICAL THICKNESS OF HYDROGEN IJlI INDUCED DIF0T-E 
ABSORPTION, X 1.97 IJ. 

1	35 
on 
45 
22.5 
11 

Iet us now analyze t h e  l e s se r  const i tuents  of Jupi ter ' s  atmosphere, m 
namely, CH, and NH,. Despite t he  numerous s tudies  made on t h e  Jovian spectrum, 
t h e  l i terature contains p rac t i ca l ly  no da ta  on the  equivalent paths of these 
gases other than the  already mentioned estimates by Kuiper: 150 m atm and 
7 m a t m ,  respectively.  It i s  not known from which l i n e s  - strong o r  weak, 
saturated or unsaturated - these estimates were derived. Consequently, it i s  
only log ica l  f o r  us t o  attempt t o  ex t rac t  addi t iona l  information on the  CH, and 
NH, content from photoelectr ic  t r aces  of t h e  Jovian spectrum i n  the  region 
XA 1-2.5 p .  These t r aces  record only t h e  envelopes of t he  absorption bands; 
t h e  ro t a t iona l  l i nes  are not resolved, but t h e  t o t a l  equivalent band widths can 
be measured with su f f i c i en t  accuracy. 

On comparing the  i n t e n s i t i e s  of t h e  bands observed i n  the  spectrum of 
Jupiter with t h e i r  laboratory counterparts, it i s  of importance t o  consider p r i 
marily t h e  e f f ec t  of temperature as w e l l  as t h e  influence of extraneous gases. 
For bands formed due t o  absorption from the  ground level ,  two temperature e f f ec t s  
are essent ia l :  t he  temperature dependence of t h e  k r e n t z  half-width 
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and t h e  temperature dependence of t h e  population of t h e  r o t a t i o n a l  levels.  The 
e f f e c t  of extraneous gases i s  determined by t h e  dependence of t h e  Lorentz half-
width on t h e  e f f ec t ive  c o l l i s i o n  cross sections.  let us first consider CH,. 
The half-width f o r  CH, - CH, co l l i s ions  i s  1.4 t i m e s  as l a r g e  as f o r  CH, - N, 
co l l i s ions  (see Table 9 ) .  For CH, - H2 and CH, - N, c o l l i s i o n s  the damping 
constant i s  roughly t h e  same, whereas f o r  CH, - He c o l l i s i o n s  it i s  lower 
(0.6 CY^^,-^,, according t o  Table 9) .  Ass7rming t h a t  hydrogen and helium are t h e  
p r i n c i p a l  consti tuents of t h e  atmosphere, we have 

a$ -0.7. 
%H,--cH, 

It i s  i n t e r e s t i n g  that this correct ion more o r  less compensates f o r  t h e  tem
perature  coeff ic ient  (cuT’”) i n  t h e  h r e n t z  half-width: i f  we assume T = X)O’K 
f o r  Jupiter,  this coeff ic ient  w i l l  be approemately 1.2. Thus, t h e  damping 
constant of CH, l i n e s  i n  t h e  Jovian atmosphere w i l l  d i f f e r  from i ts  laboratory 
counterpart only due t o  pressure differences.  

If t h e  va r i a t ion  i n  t h e  damping constark i s  disregarded, t h e  Vibrational-
r o t a t i o n a l  bands m u s t  become increasingly more narrow and deeper with decreasing 
temperature. If t h e  r o t a t i o n a l  l i n e s  are unsaturated, t h e  equivalent band width 
remains constant, while i f  they are saturated,  it decreases. The r o t a t i o n a l  
s t ruc tu re  of t h e  CH, bands i s  complex, and it can be expected t h a t  t h e  above 
e f f e c t  w i l l  be f a i r l y  weak. To v e r i f y  this, we compared t h e  c e n t r a l  i n t e n s i t i e s  
of CH, bands i n  t h e  spectrum of Jup i t e r  with t h e i r  laboratory s t a n d a d s ,  a t  t h e  
same equivalent widths. It was found t h a t  t h e  c e n t r a l  i n t e n s i t i e s  coincide 
within t h e  e r r o r  l i m i t .  

On comparing t h e  CH, bands i n  t h e  spectrum of Jup i t e r  with a set of hbo
ra to ry  spectra  obtained f o r  various values of equivalent p a t h  and pressure, t h e  
e f f ec t ive  pressure i n  t h e  Jovian atmosphere can be d i r e c t l y  determined, i f  t he  
cloud layer  i s  regarded as a sharply delineated r e f l ec t ing  surface. I n  a number 
of cases, as can be seen from F’ig.162, t h e  CH, and J!Jl&bands overlap and are 
d i f f i c u l t  t o  use f o r  quant i ta t ive estimates. The following CH, bands a r e  virtu
a l l y  f r e e  of overlap: (al+ % + v3, v1 + v2 + v3 ) h 1.0 p and (al+ v3,  v1 + 
+ & )  h 1.12 p .  The adjoining band CH, (21, + 2v4, 2v2 + 2v4) h 1.18 p is 
overlapped by t h e  band NH, (2v3 + v,). The CH, band at h 1.16 p i s  s l i g h t l y  
overlapped by NH,, but considerable l o c a l  d i s t o r t i o n s  may be introduced by 
t e l l u r i c  absorption. The wing of t h e  strong CH absorption band at A 1.62 p i s  
free of overlap, as i s  t h e  wing of 3v, [ l i n e s  Rt.4) - R(8) ,  forming the  component 
at h 1.094 111. All of t h e  above bands that a r e  r e l a t i v e l y  f r e e  of overlap are 
saturated,  and t h e i r  i n t e n s i t y  i s  determined as t h e  product U p .  From a compari
son with laboratory spectra,  we obtain 

uPM z 150+50 m - atm2. ( 5*a> 
According t o  Kuiper (Ref.4), 

UGH, =150 m.a f m  
(5.15) 
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i n  t h e  v e r t i c a l  column.. Assuming that E = 2 ( the  observations refer t o  t h e  
disk center),  t h e  e f fec t ive  pressure w5.U be 

P,=O.5 atm, ( 5  -16) 

or,  a t  t he  top of t h e  cloud layer,  

P I  = 2P, =1 arm. (5.17) 

T h i s  value i s  below the  p a r t i a l  pressure of Hz (derived from quadrupole 
l i nes )  even a t  t o t a l  absence of He.  Most l ike ly ,  Kuiperts estimate [eq.(5.15)] 
i s  too  high. Owen (Ref.459) presented spectrograms of Jup i t e r  with a high 
resolut ion i n  t h e  region 9700 - 10,500 A, together wi th  t h e  spectrum of 
l7O m a t m  CH,. The i n t e n s i t y  of weak l i nes  i n  t h e  Jovian spectrum, as a rule,  
i s  much lower than i n  t h e  comparison spectrum. Thus, it seems t h a t  Kuiperfs a
estimate must be reduced t o  at least half ,  ?.e., 

uCH,=75 m . atm,  
P , = 2  a h .  

Assuming t h a t  t he  estimate (5.18) i s  correct and contains the  equal sign, we 
obtain the  p a r t i a l  pressure of methane 

PCH,=1 mb ( 5  020) 

and the  r e l a t i v e  concentration 

A quant i ta t ive analysis  of NH, i n  t he  Jovian atmosphere i s  complicated by 
two circumstances. 

1) The Lorentz width of NH3 l i nes  i s  highly suscept ible  t o  impurit ies.  It 
averages 0.6 cm-I - a t m  f o r  NH, - NH, co l l i s ions  whereas f o r  NE3 - He and 
NH, - H, col l i s ions  i t  i s  10 and 20 times smaller, respectively.  

2) A t  t h e  temperatures i n  t h e  Jovian cloud layer,  ammonia of necessity 
condenses and must e d s t  i n  equilibrium with l igu id  and so l id  phases. Hence, 
it i s  assumed t h a t  Jupiter's cloud layer  consis ts  ch ie f ly  of ammonia p a r t i c l e s  
(c f .  Sect.5.5). Within t h e  range of 130 - 160°K a decrease i n  temperature of 
3 O K  corresponds t o  a decrease of roughly two-thirds i n  t h e  amount of gaseous 
ammonia. The adiabat ic  gradient f o r  an atmosphere consis t ing t o  50% of He and 
t o  50% of Hz i s  2.8 deg /h .  If t h e  cloud layer  i s  sustained by convection, then 
t h e  gradient near i t s  top cannot be much less than t h e  adiabat ic ,  which would 
mean that t h e  sca le  height f o r  m o n i a  ( c f .  Sect.5.5) i s  approxhate ly  2 x 
X lo5 cm, i .e ., grea t ly  below t h e  mean. There i s  no doubt that the  NH, mass 
responsible f o r  absorption is mixed with p a r t i c l e s  of t h e  cloud layer,  i n  which 
case t h e  direct-ref l e c t i o n  model of t h e  atmosphere cannot correspond t o  r ea l i t y .  

Table 80 presents  equivalent paths  of N& derived from bands of various 
i n t e n s i t i e s .  The weakest band gives an equivalent pa th  of about 20 m a t m ,  



from which (c f .  Table 83) follows t h e  p a r t i a l  pressure 

PNH;=0.5 -5 mb, 

depending on t h e  temperature gradient. The relative concentration i s  

C l y H I  =:2 . '10-4 -2 . 50-3. (5.22) 

Clearly, these estimates are of an extremely formal nature, s ince cNH3rapidly 
increases  with depth. The r e l a t i v e  i n t e n s i t y  of t h e  strong and weak bands is  
subs t an t i a l ly  lower than i n  laboratory spectra.  T h i s  appl ies  especial ly  t o  t h e  
band A 1.52 p .  Note t h a t ,  i n  t h e  direct-ref lect ion model, t h e  r e l a t i v e  inten
s i t i e s  of NH3 bands i n  t h e  Jovian spectrum cannot be a t t r i b u t e d  t o  t h e  e f f e c t s  
of temperature, pressure,  and impurit ies.  

T A B U  80 

EQUIVALENT PATH OF NH, I N  THE JOVIAN ATMOSPHERE ACCORDING TO 
ABSORPTION BANDS OF VARIOUS 1NXZ"ITY (E = 2) 

* n. 755 
n . 1 ~ 5  1.2 [4G2]
1.20 9 
1.58 20 
1.52 ! 250 

% Equivalent width not known exactly, but d e f i n i t e l y  smaller ._  

than f o r  t h e  band h 0.615 p .  

Summing up, it should be noted t h a t  (3% and J!D&, taken together, account 
f o r  approximately of t h e  e n t i r e  volume of t h e  observable port ion of t h e  
atmosphere and thus cannot g rea t ly  influence i t s  mean molecular weight. 

The C/H r a t i o  i n  t h e  Jovian atmosphere is  close t o  3 x judging from 
the  partial-pressure values given above. The table of cosmic abundance of ele
ments gives nearly t h e  same value [4 x c f .  (Ref.406)l and, although 
spectroscopic observations are not necessarily cha rac t e r i s t i c  of t h e  C/H r a t i o  
f o r  t he  e n t i r e  atmosphere of Jupi ter ,  this i s  hardly a chance coincidence. It 
gives reason t o  believe t h a t  t h e  C/H r a t i o  i n  Jupiter's atmosphere i s  t h e  same 
as t h e  cosmic r a t i o .  I n  our fu r the r  discussion, we w i l l  make use of t he  follow
i n g  11working model11 of t h e  chemical composition of Jupi ter ' s  atmosphere ( c f .  
Table $1). 

The mean molecular weight 2.6 i s  less than t h a t  derived from observations of 
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cr Arietis (3.3 or ,  with @ikTs correction, 4.3). However, t h e  observations of 
CI Arie t i s  and t h e  assumptions underlying t h e i r  analysis  are not s u f f i c i e n t l y  
reliable t o  warrant t h e  presence of such an excessive amount of i n e r t  gases, as 
has been done elsewhere ( R e f  .455, 4-71), o r  t o  assume an extremely high content 
of helium. It i s  more expedient t o  estimate the  temperatures of t h e  upper 
atmosphere from t h e  sca l e  height based on observations of t he  occultation, 
assuming a spec i f i c  molecular weight r a the r  than vice versa. The molecular 
weight p = 2.6 at T = 170'K corresponds t o  t h e  sca l e  height 

H =  22 k m .  

The t o t a l  pressure PI = 3.8 a t m  exceeds t h e  estimates derived from t h e  l i n e  
broadening and r e l a t i v e  i n t e n s i t y  of t h e  CH, bands, but t h e  difference does 
not exceed t h e  e r r o r  l i m i t .  

TABLE 81 

CHEMICAL COMPOSITION OF THE JOVIAN ATMOSPHERF; (WORKING MODEL) 

P a r t i a l  [ledu ced 
P r e s  s u r  e ,  D e n s i t y ,  Thickness, 

a t m  h a g a t  m . a t m  

inoonn 
3Gn0n 

70-700 

d )  Consideration of multiple s ca t t e r ing .  The apparatus of quant i ta t ive 
chemical analysis employed i n  Section 3.4 apparently cannot be applied i n  t o t o  
t o  the  atmosphere of Jup i t e r .  First, sca t t e r ing  i n  t h e  continuous spectrum by 
t h e  Jovian cloud layer  cannot be considered conservative ( c f .  Sect .5.2). 
Second, we have no information on t h e  sca t t e r ing  i n d i c a t r i x  other than assump
t i o n s  t h a t  may be derived from analogies with terrestr ia l  and Venusian clouds. 
Moreover, t h e  information on l i n e  widths i s  extremely l imited.  For H,, no ob
se rva t iona l  da t a  are avai lable  w h i l e  f o r  CH, only t h e  q q e r  l i m i t  i s  known, and 
i n  t h e  case of NH, t h e  da t a  on widths may be d i s to r t ed  by inversional  doubling. 

On Venus, as we have seen i n  Section 5.3, t he  layer  above t h e  cloud 
furnishes  p r a c t i c a l l y  no contribution, and a l l  spectroscopic observations can be 

in t e rp re t ed  on t h e  assumption t h a t  t h e  r a t i o  does not change with a l t i t u d e .  

Then, t h e  i n t e n s i t i e s  of weak l i n e s  must be proportional t o  d$ i f  continuous 

absorption can be neglected and t o  -k if that absorption i s  stronger than 
f l  

t h e  l i n e  absorption. A s  we have seen i n  paragraph a)of this Section, t h e  
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r e l a t i v e  intensities of t h e  quadrupole H, l i n e s  of t h e  bands (3-0) and (4-0) 
are proport ional  t o  &, which may be interpreted as a s ign  of a negligibly small 
contribution of t h e  l aye r  above t h e  cloud and a low degree of continuous ab
sorption. 

On t h e  other hand, t h e  weak l i n e s  of Ha, CH,, and 5 show no appreciable 

center-to-limb e f f ec t ,  whereas i n  t h e  model with constant - t h e  l i n e  i n t e n s i t y
0 

regular ly  decreases with approach t o  t h e  limb: The function S which enters  
eqs.(3.U) amd (3.13) i s  proport ional  t o  t h e  cosine of t h e  angle between t h e  
ray and t h e  normal. It appears l o g i c a l  t o  a t t r i b u t e  t h e  observed absence of t h e  
center-to-&b e f f e c t  t o  t h e  conpensating influence of %he supracloud layer  
(Sharonov-Teyfelf hypothesis). Note t h a t  this i s  not t h e  only possible  explana
t i o n .  If t h e  clouds have a complex relief (e.g., cumulus clouds) t h e  center
to-limb e f f e c t  predicted by t h e  model of a semi-infinite atmosphere without a 
supracloud l aye r  may be g rea t ly  attenuated. Nevertheless, t h e  compensation 
hypothesis admits of a simple quant i ta t ive i n t e r p r e t a t i o n  of t h e  observations. 
Without denying t h e  p o s s i b i l i t y  of other explanations, we w i l l  next examine t h e  
conclusions as t o  t h e  chemical composition and pressure implied by this -0
t h e s i s  

For a semi-infinite atmosphere, eq.(1.100) can be rewri t ten i n  ' the form 

p, = h(r',r )e s ( 5  2.3) 

where k = k, + k,, i s  t h e  t o t a l  absorption coeff ic ient ;  k, is  t h e  coeff ic ient  
of l i n e  absorption; k,, i s  t h e  coeff ic ient  of absorption i n  a continuous spec
trum. The monochromatic l i n e  i n t e n s i t y  p e r  un i t  continuous spectrum i s  

The function S i s  proport ional  t o  p and, a t  c e r t a i n  values of k v ,  k,, , H, and 0 

within a l imited range of var ia t ions i n  p (e.g., from 1t o  O.5), a decrease i n  
t h e  first term of t h e  exponent may be compensated by an increase i n  t h e  second. 
Ifk,, = 0 o r  k,, <. kVthen t h e  compensation, for given values of H and o, i s  
possible  only f o r  a s ing le  value of k,. However, k, var ies  considerably within 
t h e  confines of t h e  l i n e  p r o f i l e  (which would be even more so  i n  d i f f e ren t  l i n e s  
of a band o r  i n  d i f f e ren t  bands). Consequently, a t  k,, <. kv t h e  compensation 
of t h e  center-to-&b e f f e c t  f o r  t h e  l i n e s  and bands i s  not feasible. The /396
s i t u a t i o n  is  d i f f e ren t  i f  k, < k,, Then, 

and compensation becomes possible  f o r  a broad range of values of k,. Assuming 

3% 

I 



i s o t r o p i c  sca t t e r ing  f o r  J q i t e r ,  we would have B,, = 0.03 i n  t h e  red spectrum 
region [(Ref .428) c f .  Sect.5.21. For i so t rop ic  scat ter ing,  Sq i s  2.3 a t  p = 1 
and 1.15 a t  p = 0.5. If t h e  sphe r i ca l  i n d i c a t r i x  i s  replaced by an elongated 

i n d i c a t r i x  corresponding t o  p a r t i c l e s  of E = 20, t hen  Sll w i l l  be 6 and 3,
h 

respectively,  and t o  keep t h e  brightness coeff ic ients  i n  t h e  continuous spectrum 
from varying, we must assume Be, = 0.005. 

An elementary ca l cu la t ion  based on these parameters shows t h a t ,  f o r  R, < 
< 0.8, t h e  extent of R, hardly varies within t h e  range of 0.5 < p < 1if cs 
equals 5 x cm-' i n  t h e  case of a n  elongated i n d i c a t r i x  and lo-" cm-' i n  t h e  
case of a s her i ca l  i nd ica t r ix .  A volume coeff ic ient  of s ca t t e r ing  amounting 
t o  lo* cm-' seem too  low s ince  then  t h e  mean free pa th  of t h e  quantum
(= 10 km) would be comparable with t h e  scale  height and t h e  concept of t h e  layer  
of gas above t h e  cloud would become meaningless. The value cs = 5 x cm-' i s  
close t o  that derived f o r  Venus but i s  two orders of magnitude smaller than f o r  
terrestrial clouds. P a r t i c l e s  of a radius of several  microns have a sca t t e r ing  
cross sect ion close t o  twice t h e  geometric cross sec t ion  (- loq7 cm-2) so  that 
t h e  p a r t i c l e  density i n  t h e  Jovian cloud layer  i s  - l@ cm-3 or 10-*gm ~ m - ~ .  
If, as assumed, t h e  clouds ac tua l ly  consist  of s o l i d  ammonia p a r t i c l e s ,  then, 
a t  such a density, t h e  d i u r n a l  va r i a t ion  of i n so la t ion  may cause a change i n  
t h e  a l t i t u 2 e  of t h e  cloud top by several kilometers [ c f .  (Ref .472)1. Such vari
a t ions  may p e r  s e  a f f e c t  t h e  band i n t e n s i t y  d i s t r i b u t i o n  over t h e  disk [ c f .  para
graph a) of this Section ].' 

If t h e  compensation condition i s  sa t i s f i ed ,  t h e  second t e r m  i n  t h e  exponent 
of eq.(5.25) i s  roughly half  as high as t h e  first. T h i s  means t h a t  t h e  amount 
of gas and t h e  p a r t i a l  pressures given i n  Table 80 must be reduced three times 
before they can f i t  t h i s  hypothesis. Naturally, t h e  idea of compensation i s  
quite a r t i f i c i a l .  Why should t h e  value of mean sca t t e r ing  coeff ic ient  be pre
c i s e l y  as needed f o r  mutual compensation of t h e  intracloud and supracloud 
center-to-Emb effects?  However, it should be recal led t h a t  t h e  sca t t e r ing  co
e f f i c i e n t  derived from this hypothesis i s  extremely low. If it w e r e  one order 
of magnitude higher and i f  t h e  cloud top were sharply delineated, then t h e  /397
contribution of t h e  supracloud atmosphere would be s u f f i c i e n t l y  high t o  warrant 
appl icat ion of t h e  d i r ec t - r e f l ec t ion  model. Note t h a t  t h e  sca l e  height on 
J q i t e r  ( H  = 20 km) i s  f a i r l y  high, making it plausible  t h a t  v e r t i c a l  fluctua
t i o n s  i n  t h e  r e l i e f  of t h e  cloud layer  may be less extensive. 

The var iant  involving a v e r t i c a l l y  constant -	k r a t i o  (absence of supra
0, 

cloud atmosphere) can be r a t h e r  e a s i l y  analyzed f o r  induced absorption of Hz at 

h 1.97 p .  For t h e  sca t t e r ing  i n d i c a t r i x  corresponding t o  = 20, t h e  

brightness coeff ic ient  of 0.05 means that k = 2. If o = 5 x loe6 cm-' then, 

assuming t h e  absorption coe f f i c i en t  as s = 2 x lCr7 cm-' amagat-2 and y = 0.7, 
we obtain t h e  densi ty  of hydrogen as 
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and PHz = 3 a t m ,  which i s  somewhat higher than f o r  t h e  direct-ref lect ion 

The increase i n  t h e  sca t t e r ing  coeff ic ient  leads t o  an increase i n  P H Z w  
T h i s  estimate cannot be considered a proof f o r  a low sca t t e r ing  coeff ic ient ,  
s ince it es sen t i a l ly  gives only t h e  upper l i m i t  of p H Z .  

f ina l ly ,  l e t  us note t h a t  multiple s ca t t e r ing  l o g i c a l l y  accounts f o r  t h e  
s l i g h t  difference i n  t h e  i n t e n s i t i e s  of b e l t s  and zones: i n  t h e  zones, @,, i s  
lower which r e s u l t s  i n  a n  increase i n  l i n e  i n t e n s i t i e s  [ c f .  eq.( 5.25) 1. The 
increase i n  t h e  s t rength of c e r t a i n  bands i n  t h e  p o l a r  and temperate regions 
does not necessarily have t o  do with a considerable mass of gas above t h e  cloud 
but may be a t t r i b u t e d  t o  t h e  generally lower value of t h e  parameter @,, i n  these 
regions compared with t h e  equa to r i a l  regions. 

Section 5.5 	 Tenperatwe of Jup i t e r  and Chemical Composition 
of t h e  Cloud L y e r  

a)  Brightness teweraturs according t o  in f r a red  emis&n. The mean bright
ness temperature of t h e  Jovian disk i n  the  region hh 8-13 p has been measured 
with thermocouples as ea r ly  as i n  t h e  1920s by P e t t i t  and Nicholson (Ref.125) 
as w e l l  as by Menzel, Coblentz, and Lampland ( R e f  .473). They obtained 150°C 
(without an e r r o r  estimate) and 130 f l O o K ,  respectively.  The difference i n  t h e  
temperatures themselves i s  not large,  but t h e  correspondirg brightness r a t i o  i s  
about 4 so t h a t ,  i n  r e a l i t y ,  a magor contradiction w a s  involved. Sinton and 
Strong (Ref .25) derived TB = 130°K i n  agreement with Menzel (Ref  .473). 

A similar brightness temperature (128f 2'K) w a s  found by Murray and Wildey 
(Ref .474) i n  1962 during t r i a l  observations with t h e  20" r e f l e c t o r  a t  White 
Mountain. I n  t h e  same year, they were t h e  first t o  inves t iga t e  with a 200" 
r e f l e c t o r  t h e  brightness d i s t r i b u t i o n  over t h e  Jovian disk (Ref .296). The same 
instrumentation was  used as i n  observations of Venus ( a  photometer with a 
mercury-doped germanium photovaristor cooled with l i qu id  hydrogen; c f .  Sect .3.7). 

Since t h e  s i g n a l  from Jup i t e r  i s  much weaker than from Venus, it w a s  im
possible  t o  accurately record t h e  beginning and end of t h e  sect ion according t o  
s i g n a l  f luctuat ions at  t h e  in s t an t  of i n t e r sec t ion  of t h e  l i m b .  A s  a r e su l t ,  
owing t o  poor topographic coordination of t h e  sect ions (as w e l l  as owing t o  
d r i f t  of t h e  zero-point l eve l )  t h e  isotherm charts  given elsewhere (Ref.296) are 
not reproducible. After averaging a l l  t h e  t r aces ,  however, s u f f i c i e n t l y  r e l i a b l e  
curves of l i m b  darkening could be p lo t t ed  as far  as 0.9 Ro (Fig.164). An analy
sis of these curves involves t h e  same d i f f i c u l t i e s  as i n  t h e  case of Venus ( c f .  
Sect.3.7): it i s  unclear which of two processes determines t h e i r  shape - t r u e  
absorption o r  scat ter ing,  o r  both. The observations by Murray e t  a l .  (Ref  . a 6 )  
give TB = 128.5'K a t  t h e  center of t h e  disk and 1 2 6 ' ~at a distance of 60' Long. 
f r o m t h e  equator. The meridional sect ion d i f f e r s  l i t t l e  f r o m t h e  equatorial .  
If the  brightness d i s t r i b u t i o n  i s  wr i t t en  i n  t h e  form 



--- 

I = lop=,  

t hen  CY = C.22. If sca t t e r ing  can be neglected, t h e  scale-height gradient calcu
lated from a formula analogous t o  eq.(3.78) W i l l  be equal t o  

dl-l 
dz - 0.06. ( 5  2 7 )  

Given complete mixing, this implies a temperature gradient of 3 = 0.3'/km. 

If t h e  absorption i s  determined by a n  unsaturated gas, t h e  gradient -dT cannotdz 
be found s ince then H = H, would be t h e  sca l e  height cha rac t e r i s t i c  of t h a t  

dHgas alone and 2would depend only on T and be independent of -dT (seedz dz 
paragraph c).  

Fig .164 Averaged Distr ibut ion of Bright
ness Temperature i n  t h e  Region Ah 8-13 p, 
over t h e  Equatorial  (b) and Polar ( a >  

Diameters of Jup i t e r .  
It i s  assumed that Ts = 128.5'K at t h e  
center  of t h e  disk.  The dots  corre
spond t o  t en ths  of diameter. Displace
ment was  used t o  avoid t h e  inconveni
ences of overlap (Ref .296). 

Fig .165 Isotherms of Brightness 
Temperature of Jupi ter  i n  t h e  

Region Ah 8-13 p,. 
Averaged from observations on f i v e  
nights : December 12-16, 1963 

(Ref 4 7 6 ) .  

I n  1963 Wildey, Murray, and Westphal (Ref.475, 476) carr ied out new ob
servations of Ji-qiter with t h e  200" r e f l ec to r ,  using improved techniques. 
Figure 165 presents  t h e  isotherm chart  obtained by averaging t h e  observations 
over several  nights.  The observations were carr ied out with a 2" .5 diaphragm, 
with roughly one sec t ion  being p lo t t ed  p e r  minute. Figure 166 shows seve ra l  
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sect ions p l o t t e d  on December 17 when 
atmospheric j i t t e r  and nonsteady-state 
noise were less than  on t h e  other nights.  
These sect ions show t h a t  t h e  Great Red 
Spot i s  1.5 - 2" colder than t h e  circum
ambient regions and that t h e  b e l t s  are 
somewhat warmer than  t h e  zones. The l o w  
temperature of t h e  Red Spot i s  i n  quali
tat ive agreement with Hyde's hypothesis 
(Ref  .4.31, 4.32) : t h e  adiabatic expansion 
of t h e  ascending masses of t h e  atmos
phere which, according t o  &de, form t h e  
Red Spot must be accompanied by cooling. 
The higher temperature of t h e  belts may 
be a t t r i b u t a b l e  t o  t h e i r  lower ref lec
t i o n  coeff ic ient .  

Observations by Low (Ref  .477) made 
i n  t h e  8-13 o p t i c a l  window with t h e  
a i d  of a l i q u i d  helim-cooled bolometer 
of gallium-doped germanium, gave a 
mean disk temperature of 126 f 2'K, i n  
close agreement with t h e  r e s u l t s  of t h e  
California team. Low a l s o  obtained t h e  
spectrum of Jupiter i n  the  region 
Ah 8-13 p with a low resolution. No  
d e t a i l s  of planetary o r i g i n  can be seen 
on this t r ace .  

A very surpr is ing e f f ec t  was dis
covered by t h e  California team i n  2962 
during observations with t h e  200'' 
r e f l e c t o r :  I n  t h e  shadow cas t  by t h e  
s a t e l l i t e s  on t h e  disk there  was a sharp 
tenperature rise (Fig.167). T h i s  in
crease a t t a ined  50°K 

Fig.166 Infrared Sections of t h e  
Disk of Jup i t e r  on December 17,

1963 at 2h UT (Ref 476) .  
Traces given without smoothing. 
Their pos i t i on  on t h e  disk i s  in
dicated.  Cold region visible i n  
t h e  neighborhood of t h e  Great 

Red Spot. 

i n  T, (20 times of 
brightness),  considering that t h e  real dimensions Gf t h e  diaphragm are g rea t e r  
than t h e  diameter of t h e  shadow. So far no s a t i s f a c t o r y  explanation could be 
found f o r  this e f f e c t .  It may be t h a t  t h e  reason l i e s  i n  a disturbance i n  e@
librium between t h e  rates of d i s soc ia t ion  and recombination, due t o  Itswitch
off11 of s o l a r  i l _ ludna t ion .  The d i s soc ia t ion  would cease w h i l e  t h e  recombina
t i o n  e i t h e r  would cause l i b e r a t i o n  of heat and heating or  a n  increase i n  atmos
pheric  transparency, r e su l t i ng  i n  t h e  escape of r ad ia t ion  from t h e  deeper-lying 
Jayers 

te". The r o t a t i o n a l  t e q e r a t u r e s  on Jup i t e r  wereb) Rotational 
determined according t o  H, and CH, l i nes .  Zabriskie (Ref  4.56) found T, = 170'K 
from t h e  relative l i n e  i n t e n s i t i e s  of t h e  Sand (3-0) H,. Spinrad and Trafton 
(Ref  4.55) derived T, = 120 - 170°K, but la ter  Spinrad ( R e f  .4.79) refined this t o  
LZO'K. Nevertheless, t h e  indeterminacy i s  s t i l l  too  large,  and a more p rec i se  
determination i s  needed. 



"1 4 t c P h o t o m e t e r  diaphragm i n  t h e  infrared region. Two and more 
s a i e l l i t e  frequencies o r  t h e i r  harmonics, when 

added together, give combination /rcoz
bands. Pure harmonics are permitted 
only f o r  t h e  frequencies v, and v4 . 
An added complication i s  tha t  t h e  inh,;; ac t ive  fundamental frequencies a reI24 i<	
su f f i c i en t ly  close t o  v, and v,, so  
that t h e  ro t a t iona l  leve ls  of t h e  
l a t te r  two are subject t o  Coriolis 
perturbation. This causes s p l i t t i n g

ff57 - of t h e  r o t a t i o n a l  l ines ,  which great
710
0Li& l y  complicates t h e  bands. Unfortu

analogous t o  eq.(1.17). If t h e  molecule i s  a spher ica l  spinning top i n  conse
quence of symmetry, then  eq.(5.28) i s  inapplicable and t h e  s t a t i s t i c a l  weight 
f o r  each ro t a t iona l  level must be calculated with consideration of nuclear spin.  
T h i s  happens i n  the  case of CH,. The i n t e n s i t y  of t h e  ro t a t iona l  leve ls  depends 
on three  var iables  : t r a n s i t i o n  amplitude, s t a t i s t i c a l  weight of t he  ground level ,  
and Boltzmann fac tor .  It i s  equal t o  
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where A, i s  t h e  t r a n s i t i o n  q l i t u d e ;  s, i s  t h e  s t a t i s t i c a l  weight. The 
product i s  

A c s c = =  ( 2 R + 3 ) ( 5 a + 2 b + 3 c ) ,  
(5.30) 

where a, by c are t h e  number of r o t a t i o n a l  l e v e l s  corresponding t o  t h e  modifica
t i o n  of A, E and F f o r  a given K. These quan t i t i e s  are defined elsewhere 
(Ref.480). From eqs.(5.29) and (5.30) it i s  possible  t o  t abu la t e  t h e  relative 
i n t e n s i t i e s  of r o t a t i o n a l  l i n e s  as a function of T, and, after select ing t h e  
tabulated r a t i o  t h a t  optimally f i t s  t h e  observations, t o  determine t h e  rota
t i o n a l  temperature Tp . 

Using this method, Owen derived t h e  following value from t h e  l i n e s  K = 3, /&
4, 5, 6,of t h e  band 3v3: 

T ,  = 200 25°K. 

The r o t a t i o n a l  temperature found by Owen i s  close t o  t h e  melting point of 
NH, (195'K). It may be t h a t  t h e  lower boundary of t h e  observable p a r t  of t h e  
Jovian atmosphere i s  determined by a t i e r  of dense cumulus clouds of l i qu id  
ammonia. It i s  in t r igu ing  t h a t  t h e  r o t a t i o n a l  temperature T, i s  close t o  t h e  
brightness temperature i n  t h e  shadow cast  by t h e  s a t e l l i t e s .  

c )  Saturation tensserature o f  NH,
I 

and chemical composition of t h e  cloud 
. . __ . 

layer.  Ever s ince Wildt i den t i f i ed  m o m T i n  t h e  spectrwn of Jup i t e r  i t h a s  
been believed t h a t  t h e  clouds f loa t ing  i n  its atmosphere consis t  ch i e f ly  of NH,. 
Ammonia must condense a t  t h e  temperatures of 130 - 200°K, derived from other 
observations, and it apparently exists i n  the  state of saturat ion,  i.e., i n  
equilibrium with the  s o l i d  phase. When present i n  s u f f i c i e n t  amounts, CO, and 
c e r t a i n  s t r a i g h t  hydrocarbons as w e l l  as C,H, and C2G w i l l  a l s o  condense a t  
these temperatures, but spectroscopically these compounds have not been detected 
and t h e  exis t ing q p e r  l i m i t s  indicate  t h a t  they do not a t t a i n  saturat ion.  
Methane does not condense at  t h e  p a r t i a l  pressure and temperatures observed i n  
t h e  Jovian atmosphere. Conversely, H,O has too  l o w  a saturated vapor pressure.  
It i s  not precluded t h a t  water and i c e  clouds might form i n  s u f f i c i e n t l y  deep, 
unobservable layers of t h e  atmosphere. 

If NH, e x i s t s  i n  equilibrium with t h e  condensed phzse, t h e  p a r t i a l  pressure 
would be determined from the  formula 

where T i s  given i n  O K  and PNH3i n  mb. T h i s  formula was  assumed by van de Hulst 
(Ref.&33) f o r  low temperatures. The term before t h e  last i n  eq.(5.31) repre
sen t s  t he  correction which makes the  formula applicable q t o  200'K (Ref .466). 
Knowing PNH it i s  possible  t o  determine t h e  so-called sa tu ra t ion  temperature 
from eq.(5.'31). Obviously, i f  we know t h e  t o t a l  amount of NH, above a given 
level [suppose, - 10 m a tm,  as is  deduced from spectroscopic observations; c f .  
paragraph c ) i n  Sect.5.4], then PNH3w i l l  depend on t h e  temperature gradient of 
t h e  atmosphere. The l o c a l  scale  height, provided sa tu ra t ion  i s  present, can be 
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derived r ead i ly  from eq.(5.31). It i s  equal t o  

Clearly, i f  t h e  equilibrium condition (5.31) i s  s a t i s f i e d  a t  a given level,  /4.04.
t h e  condensation above t h a t  level  w i l l  occur only on condition t h a t  

TABLE 82 

IOCAL SCALE HEIGHT FOR NH, AT SATURATION (km) 

-

ino 7 .6  3.0 1.5 1.o n,025 
127 12.5 5.0 2 .5  1.7 0.093 
I50 17.9 7.2 3.7 2.4 0. 127 
170 23.0 0.2 4.7 3.2 n. 134 
200 36.0 14.2 7 . 2  4.7 0.220 

If H, > kT&, then  only gas w i l l  be present above t h a t  l eve l .  Here, -	kT 
= H 

mg 
i s  the mean scale  height. Table 82 gives t h e  values of H, calculated for 

several  values of T and -dT The corresponding value f o r  H20 i n  t h e  eal-th'sdz 
dH

troposphere i s  2 km. The table a l s o  presents values of dz calculated on 

condition t h a t  	 dzz = 0. These values are independent of -.dT We can readi ly
dz dz 

der ive a r e l a t i o n  l inking t h e  t o t a l  amount of NH, ;tbove a given l e v e l  t o  i t s  
temperature 

loYUNLI,= --T1550 + 3logT -Sx'10-6T'.8 +/ogrlc -t 4.0, ( 5  =33> 

where $ H  i s  given i n  m a t m  and H, i n  km. Table 83 gives t h e  p a r t i a l  pres
3 

sues  and t h e  values of uNH3as a function of T and -.dT Table 83 ind ica t e sdz 
that uNH3depends l a rge ly  on t h e  temperature and t h a t  even f o r  major e r r o r s  i n  
t h e  determination of u, t h e  sa tu ra t ion  temperature i s  determined with satis
f a c t o r y  accuracy. Assuming t h a t ,  wi thin the  region of formation of t h e  observ
able NH, bands, t h e  atmosphere exists i n  convective equilibrium and t h a t  t h e  
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gradient i s  equal t o  t h e  adiabatic,  we have T = 170'K f o r  u = m a t m .  The 
upper l i m i t  i s  l 7 5 O K  and t h e  lower Elnit ,  150'K. Similar r e s u l t s  were obtained 
by Kuiper (Ref .307), Squires ( R e f  .472), and others.  

TABU 83 

PARTIAL PRESSURE AND mTAL AMOUR" OF NH, AEz)VE A L;EvEL WITH 
SPECIFIC TEMPERATURF: AND TEMPERATURE G R " T  (AT SATURATION) 

I u.m . atm 

I I I I 
100 6x IO- '  1.2*10-6 4.7~10-0 2 .b10-0  1.7%10-O 
127 2x10-8 6.2~10-2 2. Ox 10-2 1.Ox 10-2 G .8x 10-3 
150 0.16 7.0 2.9 1.4 1.o 
170 4 145 59 29 20 
200 80 3600 1420 720 485 

From Table 83 it can be seen that t h e  in f r a red  brightness temperature T, = 
= U 7 O K  (averaged from center t o  limb) corresponds t o  a t o t a l  amount of NH, of 
t h e  order of 1cm a t m .  I n  t h e  region hh 8-13 p, t h e  NH, absorption reaches a 
maxi" and it i s  the re  t h a t  t h e  fundamental bands of this molecule 0cc.w. 
Kuiper (Ref.307) observed t h a t  roughly t h e  same amount of pure NH, a t  normal 
pressure has an o p t i c a l  thickness of T = 1. The reader can v e r i f y  this conclu
s i o n  independently by consulting Fig.7. It follows from this t h a t  NH, probably 
i s  e i t h e r  t h e  main o r  one of t h e  main agents responsible f o r  r ad ia t ion  within 
t h e  i n t e r v a l  hh 8-13 v. 

A t  a lower pressure and i n  a mixture with H, and He, t h e  NH, absorption 
decreases substant ia l ly;  thus, t h e  add i t iona l  argument inp l i ed  by t h e  extent of 
limb darkening i s  highly s ign i f i can t .  From observations of l i m b  darkening we 

derived i n  paragraph a) of this Section a value of -	dH = 0.06 km/krn, which is
dz 

close t o  t h e  gradient of l o c a l  s ca l e  height under sa tu ra t ion  conditions a t  
T = 125'K. 

d) Brightness temerature i n  t h e  centimeter-range. The spectrum of Jupi
ter's radio emission i n  t h e  range Ah 8 mrrr-70 cm i s  shown i n  Fig.168. Within 
t h e  range hh 6-70 cm, t h e  flux i s  almost independent of wavelength. Beginning 
with h 3 cm t h e  f l u x  rapidly increases i n  t h e  d i r ec t ion  of shorter  wavelengths. 
I n  t h e  region hh 6-70 cm, t h e  major p a r t  of t h e  f l u x  of Jup i t e r ' s  radio emission 
is  d e f i n i t e l y  of a nonthermal nature; this i s  indicated by t h e  aspect of t h e  
spectrum, t h e  polarization, and t h e  brightness d i s t r i b u t i o n  ( c f .  Sect .5.7). The 
increase i n  t h e  region hA 6-0.8 cm may be in t e rp re t ed  as t h e  contribution of 
thermal r ad ia t ion  with a temperature of 130 - 150'K- The decrease i n  polariza
t i o n  i n  this region is  an argument i n  favor of t h e  above interpretat ion.  
Table 84. presents  t h e  r e s u l t s  of measurements of t h e  brightness radio temperature 
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Fig.168 Spectrum of Microwave Emission of Jupi ter .  
a - Measurements of t o t a l  f lux [Roberts e t  al .  (Ref.SOl)I, 
corrected f o r  per iodic  var ia t ions due t o  ro t a t ion  of t h e  
planet ;  b - Polarized component. Downward arrows give
t h e  thermal rad ia t ion  contribution, assuming uniform 
brightness d i s t r ibu t ion  of t h e  disk and $ = 130'K. 

a t  t h e  wavelengths 8 mm, 1.6 cm, and 3 cm. The increase i n  temperature a t  
h 3 cm compared with h 8 mm nay be a t t r ibu ted  t o  e i t h e r  nonthermal rad ia t ion  or 
t o  a grea te r  depth of locat ion of t h e  e f fec t ive  rad ia t ion  l e v e l  i n  t h e  atmos
phere. D.V.KorolTkov, Yu.N.Pariyskiy, and G.M.Timofeyeva (Ref .535), i n  observa
t ions  with t h e  Pulkovo fan-team antenna found that, a t  h 3.02 cm, a t  least 95% 
of t h e  emission or iginates  i n  t h e  region R < 1.1 where R,  i s  t h e  radius of 
t h e  planet,  which i n  i tself  seem an argument i n  favor of t h e  l a t te r  explanation. 
Haddock and Dickel (Ref.485) found, however, that emission a t  A 3.75 cm is  
polarized which means that nonthermal rad ia t ion  de f in i t e ly  furnishes a contri
bution here. Moreover, t h e  sharp decrease i n  t h e  flux of nonthermal rad ia t ion  /4.01 
on t r a n s i t i o n  from A 10 t o  h 3 cm would be d i f f i c u l t  t o  explain. Berge [c f .  
( R e f . S O l ) ]  found t h a t  a t  h 10 cm t h e  l~diskllcomponent of radio emission is  twice 
as high as t h e  component t h a t  exis ted at t h e  temperature derived from inf ra red  
emission. Thus, only radio emission a t  h 8 mm can be regarded as pure thermal 
emission. Thornton and Welch (Ref 4.87) derived a t  A 8.35 mn 

which is  i n  good agreement n i t h  o p t i c a l  data.  A team of radioastronomers from 
t h e  Physics I n s t i t u t e  of t h e  Academy of Sciences USSR (FIAN) carr ied out relative 
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measurements of f l u e s  of Jupiter and Venus a t  h 8 mm (Ref .3ll, 334). These 
measurements fit t h e  brightness temperature TB = &O°K for Jupiter. The o p t i c a l  
thickness of t h e  Jovian atmosphere i n  t h e  region h 2: 1cm apparently determines 
t h e  wing of t h e  known inversion l i n e  of amnionia h 1.28 cm [cf ., f o r  examp1.e 
(Ref .4�?6)1. I n  v i e w  of t h e  low sca l e  height of NH,, which probably has t o  do 
&th  sat&ation, t h e  agreement between t h e  brightness temperature a t  h 8 mm & 
and o p t i c a l  temperatures seems logical .  

TABU3 84. 

TEMPEBATURE OF JUPITER 

- -. . . 

A!ethod o f  
De te rmina t ion  I 

I I T -"K Re f e ren  c e s  
. ,~ 

I 	 I 

I'ii ' 

I 
P e t t i t  and Nicholson  (Ref.  125)

I [ 1:3fiZio j !denzel,  C ~ b l e n t zand Lampland
B r i g h t n e s s  i n  , I (Ref. 473) 

f ~i n f r a r e d  range i 8-:31 j ~ z ~h h r r a y ,~ Wildey, z and~ Westphal
("Hef. 296)I I :zs=z ~ Low (Rei .477)

' 1 3 S ~ 2i S i n t o n  
~ !! 

R o t a t i o n a l ,  f rom;  3 , f i p  
H2 l i n e s  ( 3 - 0 )  I 

a l .  (Ref. 489) 
~ 3 . 3  AG3;X "Bib inova ,  Kuz'min e t  a l .  

.~ 
! 

. .  I. . - . 
..(Ref.  491) 

e )  Eqnflibrium termeratwe. Table 84. gives composite observational data  
on Jupi ter ' s  temperature. It i s  l o g i c a l  t o  compare these  with the  equilibrium 
temperature calculated from t h e  energy balance. 

Figure 169 shows the  wavelength dependence of t h e  monochromatic geometric 
albedo of Jupi ter .  We obtained t h e  r a t i o  of t h e  monochromatic i n t e n s i t y  

as a function of wavelength i n  the  region Ah 0.9-2.5 1-1. T h i s  r a t i o  
Sun 

was  cal ibrated such t h a t  it f i t t e d  t h e  curve of s p e c t r a l  eometric albedo i n  the  
region ?, < 0.9 1 ~ .. The curve was taken from Harris' work $Ref .66). Since t h e  
region near A 0.9 1-1 has been l i t t l e  investigated ( i n  spectra  obtained with t h e  
a i d  of a lead-sulfide photovaristor this corresponds exact ly  t o  t h e  short-wave 
boundary of t h e  recordable i n t e r v a l j  t h e  curve f i t t i n g  i s  not s u f f i c i e n t l y  

33h 

and S t r o n g  (Ref.25) 

L7i7 ' Z a b r i s k i e  (Ref.  456)
Sp ip rad  and T r a f t o n  (Ref.  455)

121) Sp in rad  (Ref .  479) 

Owen (Ref. 459) 
T h i s  book; see a l s o  (Ref.307, 

472) 

FIAN Team (Ref .311  334)
Thornton and Welch'(Ref.487) 
Vetukhnovskaya e t  a l .  (Ref. 311)
P a r i y s k i y  e t  a l .  (Ref.488) 
Giordmaine e t  a l .  (Ref.489) 
Mayer e t  a].  (Ref.130) 
Mayer e t  a l .  (Ref.490) 
Giordmaine e t  



reliable f o r  which reason Fig.169 contains two curves as t h e  extreme models. 
Curve (a)  gives t h e  i n t e g r a l  spherical  albedo as Ai  = 0.53 and curve (b),  A, = 
= 0.m. I n  both cases, t h e  h b e r t  phase i n t e g r a l  Q i s  taken as 1.50. Assuming 

a mean Ai = 0.50 f 0.02, t h e  e f f ec t ive  
equilibrium temperature of Jupi ter ,  calcu
l a t ed  on t h e  assumption that it is  uniform 
f o r  any point  on t h e  planet ,  i s  equal t o  

T,= 108 f1" I(, 

which is  much below t h e  observable quanti
t i e s  given i n  Table @+.. 

According t o  Wients l aw,  t h e  i n t e n s i t y  
maximum i n  t h e  thermal r ad ia t ion  spectrum 
of Jup i t e r  m u s t  l i e  near h 30 p .  Most of 
i t s  r ad ia t ion  i s  located a t  h 20-100 p .  If 
t h e  atmosphere i n  this region i s  trans-

IU ZU A,p parent and does not produce a greenhouse 
/ko9 

e f fec t ,  t h e  difference between t h e  measured 
Fig .169 Wavelength Dependence temperatures (130 - 200'K) and t h e  e+
of t h e  Monochromatic Geometric Ebrium temperature (108'K) could be attr i-

Albedo of Jup i t e r .  buted e i t h e r  t o  a considerable i n t e r n a l  
( a  and b represent extreme heat f lux of t h e  planet  exceeding t h e  s o l a r  

models) 	 heat i n f l u x  ( R e f  .466), o r  t o  a n  extremely 
low emission coeff ic ient  of t h e  cloud layer  
i n  t h e  region h > 20 p .  The la t ter  asswrp

t i o n  i s  un rea l i s t i c .  The opacity of t h e  atmosphere i n  t h e  region hh 20-100 p 
cannot be associated with CH, or with NH3, s ince these gases do not absorb i n  
this spectrum region. Recently, Trafton ( R e f  .&2) showed t h a t  induced absorp
t i o n  by t h e  r o t a t i o n a l  H, band may su f f i ce  t o  produce a greenhouse e f f ec t  of t h e  
necessary magnitude, but t h e  question of t he  r o l e  of i n t e r n a l  heat f l u x  cannot 
be regarded as conclusively s e t t l e d .  

f )  Upper atmosphere t e m e r a t u r e  according t o  o b s e r v a t i o m o f  the occul ta t ion 
-of 0 Ariet is .  Assuming a mean molecular weight 5 = 2.6 i n  accordance with 
Table 81, the  temperature a t  t h e  l e v e l  of occul ta t ion of cr Ariet is  can be found 
from the sca l e  height [eq.( 5.1) 1 

Equation (3.127) gives t h e  temperature of t h e  stratosphere as 

The equal s ign  i s  val id  in t he  absence of a heat f l u x  from the  i n t e r i o r .  Note 
t h a t  eq.(3.127) w a s  derived on assuming gray absorption. I n  se l ec t ive  absorp
t i o n  within the  confines of a r e l a t i v e l y  narrow frequency band, this formula i s  
no longer valid.  
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For example, f o r  Mars we assumed t h a t  the heat balance i s  determined by the 
band A 15 p, i n  which case t h e  corresponding temperature would obviously be below 
t h e  temperature calculated from eq.( 3.l27). I n  pr inciple ,  a similar s i t u a t i o n  
may apply f o r  Jup i t e r  although we cannot pinpoint t he  spec i f i c  molecule re
sponsible. Infrared absorption by NH, i s  high i n  t h e  region A < 15 p, but the 
radiat ion t ransport  i n  t h e  !'long-wave wing!! (Fig.l7O) causes t h e  e f f ec t ive  
o p t i c a l  thickness of NH,, f o r  t h e  thermal r ad ia t ion  of t he  planet ,  t o  become 
s u f f i c i e n t l y  low. A s  f o r  t h e  absorption induced by t h e  r o t a t i o n a l  band of Hz, 
it w i l l  be shown below tha t ,  assuming T, = llO°K, this y ie lds  a stratosphere 
temperature of 94'K, which i s  i n  close agreement with eq.(3.127). 

h i k  (Ref.466) attempted t o  estimate the  temperature of t h e  atmosphere a t  
t h e  occul ta t ion l e v e l  on taking i n t o  account s e l ec t ive  NH, and Cg4 absorption, 
but most l i k e l y  NH, i s  dissociated a t  t h a t  a l t i t u d e .  Moreover, Opik disregarded 
t h e  pressure dependence of t h e  absorption coeff ic ient .  The photochemistry of 
t h e  Jovian atmosphere has been l i t t l e  investigated ( c f .  Sect.5.6) and a p r i o r i  /k10 
one cannot r e j e c t  t h e  p o s s i b i l i t y  t h a t  the temperature d i s t r i b u t i o n  i s  g rea t ly  
influenced by the products of photolysis of t he  various atmospheric consti tuents.  
T h i s  influence may manifest i t se l f  both in a temperature rise a t  c e r t a i n  l eve l s  
(inversions similar t o  t e r r e s t r i a l  ozone-layer inversions) and a temperature 
drop owing t o  de-excitation above t h e  v ib ra t iona l  re laxat ion level .  

The v e r t i c a l  o p t i c a l  thickness a t  the occul ta t ion l e v e l  was  estimated by 
h i k  (Ref.466) as T = 1.1x D7.T h i s  corresponds t o  1.5 cm a t m  of a mixture 
of 70% Hz and 30% He, from which follows t h e  concentration a t  the  occul ta t ion 
level :  

n = 2.7~10'0X1-5 = 5 x 1 0 1 3 C m - 3 ,  
8.3~10~ 

w h i l e  t h e  pressure 

P =  2.7x10~~x1.5r1.G7x10-24X2.Gn2500 = 5x10-7 mb 
8 . 3 ~ 1 0 ~  

i s  roughly t h e  same as a t  a height of 100 km i n  t h e  ear th 's  atmosphere. 

Section 5.6 Vert ical  Structure  of t h e  Supracloud Atmosphere 

The da ta  presented i n  Sections 5.4 and 5.5 can be integrated i n t o  a scheme 
of v e r t i c a l  s t ruc tu re  of t h e  atmosphere. The condensation of atmospheric gases 
and formation of clouds mean t h a t ,  i n  the observable port ion of t h e  atmosphere 
- o r  a t  least i n  i t s  lower l aye r s  -,the temperature decreases wi th . a l t i t ude .  
The r o t a t i o n a l  temperature of CH, and t h e  sa tu ra t ion  temperature of NH, no doubt 
p e r t a i n  t o  the  deepest layers.  The brightness temperature, determinable i n  the  
in f r a red  po r t ion  (and apparently a l so  i n  the mill imeter range), characterizes 
t h e  higher layers.  Lastly the  temperature derived from t h e  occul ta t ion of 
CJ Arietis r e fe r s  t o  extremely high a l t i t u d e s .  

The temperature d i s t r i b u t i o n  depends on t h e  a l t i t u d e s  and s p e c t r a l  regions 
i n  which t h e  s o l a r  r ad ia t ion  as w e l l  as t h e  planetary na tu ra l  r ad ia t ion  are ab
sorbed. The simplest hypothesis i s  t h a t  t he  major port ion of s o l a r  r ad ia t ion  
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i s  absorbed a t  some su f f i c i en t ly  great  depth ( f o r  simplicity,  we Will assume 
this t o  be below the  l e v e l  T = 170'K) and i s  then reradiated i n  t h e  infrared 
region. If the  inf ra red  absorption coeff ic ient  i s  independent of the wave
length, then the  a l t i t u d e  d i s t r ibu t ion  of temperature i n  this model is expressed 
by eqs.(3.135) o r  (3.139). We can assume the  value of T,, derived from the  
condition of equilibrium between s o l a r  and planetary radiation, as being 108'K. 
Then, as noted above, we have a stratosphere temperature of To = 92'K. Lf t h e  
absorption coef f ic ien t  var ies  su f f i c i en t ly  rapidly with a l t i t u d e  ( i n  come- /411 
quence of i t s  strong dependence on densi ty  or temperature, with the  l a t t e r  
taking place on sa tura t ion  of t he  absorbing gas), then  a convective gradient 
sets i n  up t o  a l t i t u d e s  a t  which T = 1; above these  a l t i t udes  the  gradient 
rapidly decreases and the  isothermal region begins. 

MODEL OF SUPRACLOUD ATMOSPHERE OF JUPITER, 
CONSTRUCTED BY THE IITWO-LINEII METHOD 

~ 

Reduced T h i c k n e s s ,  cm-atm 
L .. - Rem ark s 
-*. 13, 1 �IC 

I1 CH. NiL,
LLI 

-_ 

170 0 1.3 22 3 . 3 ~ 1 0 ~1 . 5 ~ 1 0 ~  2.2~103 1.5~108 Base o f  
t roposphere  

127 15 0.57 16.: 1 . loo 7r lP  1x103 0.6 	 Radia t ion  
l e v e l  i n  t h e  
r e g i o n  8 - 1 3 p  

108 22 0.37 14 9.4xIOj 4.3~106 6.2r102 (2*5x10-3) E f f e c t i v e  l e v e l  
o f  p l a n e t a r y  

92 28 0.18 12 4.1310~ 2.1XIOi 3.ox102 

92 180 5x10- 12 1.2 0.G ( 8 .~ X I O - ~ )  

~ I .: . ' . . . ._ _  __ 

A schematic model with a convective troposphere e f i s t i n g  i n  rad ia t ive  
equilibrium with the  s t ra tosphere can be constructed by the  Iltwo-linell method: 

For t he  troposphere, a constant adiabatic-l ike gradient -	dT is  assumed and, f o rdz 

the  stratosphere,  a value of -	dT = 0 and To = -.T, The dry adiabat ic  gradient 
CiZ f l  

i n  the mixture of 70% Ha and 30% He i s  2.8'K/h, To = 92'K. If t h e  l e v e l  T = 
= l7O'K i s  taken a s  the  s t a r t i n g  level ,  we obtain t h e  model presented i n  
Table $5 and F'ig-171 (Model 1). Kuiper (Ref.307) constructed his well-known 
models t l a l l  &d "bt1 by the  same primit ive technique, except t h a t  t he  chemical 
composition d i f fe red  . 
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We assumed t h e  t o t a l  pressure a t  the  l e v e l  T = 170°K as 1.3 a t m ,  reducing 
three t i m e s  t h e  quantity P = 3.8 a t m  in Table $1 so as t o  allow f o r  t h e  contri
bution of multiple s c a t t e r i n g  t o  the  band i n t e n s i t y  (cf  Sect .5 .4,paragraph d )  . 
The amounts of H,, He, and CH, a r e  correspondingly reduced. Their mutual 
proportions remain t h e  same as i n  Table 81. The amount of NH, i s  taken from 

/k12 
Table 83, i n  accordance with the  presumed level of s a tu ra t ion .  

The heat of condensation of NH,, depending on t h e  abundance of this com
pound, may influence t h e  temperature gradient t o  a g rea t e r  o r  l e s s e r  extent.  
The adiabatic gradient,  calculated with consideration of t he  heat of condensa
t ion,  i s  known as t h e  wet adiabat ic  gradient.  Since t h e  r e l a t i v e  concentration 
of t h e  condensing gas depends on t h e  temperature t h e  value of t he  wet adiabat ic  
gradient changes with a l t i t u d e .  Lasker (Ref .471) calculated a series of models 
of t h e  Jovian atmosphere i n  the  adiabat ic  region with respect t o  various values 
of t h e  r e l a t i v e  concentration of NH, a t  the s t a r t i n g  l e v e l  T = 170'K. It was  
found t h a t  t he  w e t  adiabat ic  gradient d i f f e r s  s u b s t a n t i a l l y  from t h e  dry adiabatic 
as soon as t h e  r e l a t i v e  concentrations of NH, g r e a t l y  exceed lT3. For t h e  
t o t a l  pressure P = 1a t m  a t  t h e  l e v e l  T = 170°K, t h e  r e l a t i v e  concentration of 
NH, amounts t o  5 x lF4 s o  t h a t  the e f f e c t  of t he  heat of condensation can be 
neglected, The heat of condensation of NH,  can have an influence on t h e  t e m 
perature  d i s t r i b u t i o n  and t h e  t o t a l  densi ty  i n  t h e  supracloud atmosphere only 
if t h e  pressure i s  a t  least one order of magnitude lower than t h a t  adopted. 

Fig.170 Transfer of Jupi ter ' s  Thermal Radiation through 
i t s  Supracloud Atmosphere, Neglecting Induced H2 Absorption. 
Solid l i n e  - energy d i s t r i b u t i o n  i n  the  r ad ia t ion  spectrum 
of a black body of temperature T = 150°K; broken l i n e  -
spectrum of same rad ia t ion  when passed through a mixture 
of CH, (150 m a t m )  and NH, (7 m a t m )  (Ref .493) . 

figure 170 shows t h e  t r ans fe r  of t h e  thermal r ad ia t ion  of Jup i t e r  by i t s  
supracloud atmosphere, on the  assumption t h a t  this i s  determined only by CH, 
and NH,. Since t h e  major port ion of t he  r ad ia t ion  i s  located i n  the  region 
A < 20 p, while the  absorption of these gases i n  t h a t  region i s  r e l a t i v e l y  small, 
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it i s  unclear why the  e f f ec t ive  temperature of t h e  planetary radiat ion (108'K, 
derived from t h e  heat balance) should be lower than t h e  brightness temperature 
i n  t h e  region hh 8-13 p .  Either  we f a i l e d  t o  introduce i n  the  heat balance a 
major correction f o r  t he  i n t e r n a l  heat of t he  planet  ( so  as t o  make i t s  magnitude 
comparable t o  t h a t  of t h e  s o l a r  heat i n f l u x )  or t h e  atmosphere..contains some un
known consti tuent which i s  opaque i n  the  region hh 20-100 p .  Opik (Ref .466)
favored t h e  former View and assumed t h a t  t h e  e f f ec t ive  temperature of t h e  planet  
i s  ac tua l ly  a t  least 130'K. On ra i s ing  T,, he a l s o  had t o  r a i s e  t h e  temperature 
of t h e  stratosphere which, i n  i t s  turn,  entai led a r i s e  i n  the mean molecular 
weight calculated from t h e  scale  height H and t h e  formulation of.,the theory of a 
pure (or almost pure) helium atmosphere. A s  pointed out above, Opikfs estimate 
of t h e  stratosphere temperature i s  unrel iable  f o r  many reasons, even i f  H i s  
w e l l  known. 

Moreover, i t  has recent ly  been real ized t h a t  t he  strong opacity i n  the  
region hh 10-150 p may be due t o  induced absorption by the ro t a t iona l  band of H,. 
Induced r o t a t i o n a l  H, absorption has been w e l l  investigated i n  the  laboratory. 
Monochromatic coe f f i c i en t s  of absorption i n  the  region from 300 t o  1200 cm-I 1413 
a r e  given i n  t h e  study by Kiess, Gush, and Welsh (Ref .494). Trafton (Ref 4.92) 
calculated t h e  "gray model" of a Jovian atmosphere of pure Ha on taking as t h e  
absorption coeff ic ient  i t s  mean weighted value with respect t o  the Planck func
t i o n  [T = &O'K (Ref .494)1. The e f f ec t ive  temperature T, w a s  taken as llO°K, 
which i s  very close t o  t h a t  derived above from the  condition of heat balance. 
The findings a r e  presented i n  Table 86 [ z  and P w e r e  calculated by us from the 
data by Kiess (Ref .494)1. Only t h e  densi ty  dependence of t h e  absorption coeffi
c ient  was  taken i n t o  account. The adiabatic gradient (2.5"K/km f o r  pure H,) i s  
a t t a ined  a t  r = 2.8. A s  shown i n  Section 3.9, a t  s u f f i c i e n t l y  high r t h e  radi
a t i v e  gradient i n  a gray atmosphere consisting of diatomic molecules is  always 
higher than t h e  adiabatic,  provided t h a t  t h e  absorption coeff ic ient  i s  propor
t i o n a l  t o  t h e  square of pressure o r  density, which i s  exactly the  case i n  the  
presence of induced absorption. 

TABm 86 

MODEL OF THE JOVIAN ATMOSPHERF; ACCORDING TO TRAFTON (REF.492)
(INDUCED ABSORPTION BY FDTATIONAL SPECTRUM OF H,) 

T 	
$ In  T 

i .  km P .  a h
d I l l  I' 

0.10 4 . 5  94.6 0.n8G 0.10 
2n G.5 9 8 . 3  132 14 
40 9 . 3  104 158 20 
80 

1 .(io
2 - 5 0  
3.(10 

1 3 . 5  
1 9 . 8  
25.G 
2 8 . 4  

.113 
12ri 
137 
142 

249 
3 i n  
34 1 
350 

11 
(i 
3 

25 
6 3  
57 
Gn 

153 357 0 63 
3.50 I 3 1 . 1  
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Thus, t h e  theory t h a t  t h e  i n t e r n a l  heat f l u x  is  of a magnitude comparable 
t o  t h a t  of t h e  so l a r  heat influx ceases t o  be necessary. T h i s  does not, how
ever, dispense with the question of the possible  r o l e  of i n t e r n a l  heat i n  t h e  
deep layers of t h e  atmosphere where sunlight does not penetrate .  If t h e  in
ternal heat f l u x  i s  zero, then the  temperature d i s t r i b u t i o n  a t  these depths must 
be isothermal. However, t h e  turbulent phenomena observed i n  t h e  cloud layer of 
Jup i t e r  ( c f .  Sect.5.2) are d i f f i c u l t  t o  i n t e r p r e t  unless it i s  assumed t h a t  t he  
planet  1s i n t e r i o r  more o r  less per iodical ly  r e l eases  l a rge  quant i t ies  of energy. 
It i s  not precluded t h a t  t h e  convective zone of t h e  Jovian atmosphere lacks a 
lower boundary as far down as t h e  interface of t h e  s o l i d  and gas phases of t h e  
hydrogen-helium mixture of which t h e  bulk of t h e  planet  seems t o  consist  ( c f .  
s ec t  4.11). 

A s  f o r  t he  temperature d i s t r i b u t i o n  above t h e  convection zone, this may be 
quite complex, as already pointed out a t  t h e  end of t h e  preceding Section. The 

d O K  
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50 , I 1 I 
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Fig.171 Models of t he  Jovian Atmosphere. 
1- Model of t he  %wo-linell type, st ipu
l a t i n g  70% H2 and 30% He;  2 - Model l l a l l  

by Kuiper (Ref .307); 3 - Model of pure 
Ha, controlled by induced absorption 
[cf . (Ref .452) 1; 4 - Semi-empirical model. 

difference between t h e  llmeasuredl! 
and t h e  calculated temperatures 
of t h e  s t ra tosphere should not be 
too  unexpected: The observa
t i o n a l  e r r o r  i t s e l f  i s  f a i r l y  
high and our knowledge of t h e  
composition of the upper layers 
of t h e  atmosphere is too sche
matic t o  warrant a concrete dis
cussion of t h e  causes of this 
difference.  It should be noted 
only t h a t ,  if T = 6 8 O K  i s  assumed 
f o r  t he  occul ta t ion level,  i t s  
a l t i t u d e  ( a t  constant temperature 
gradient ) must decrease t o  
160 km. The correspondingly re
vised model presented i n  
Table 86 current ly  appears t he  
most probable variant.  The model 
i s  p lo t t ed  i n  Fig.171, where it 
i s  termed l~semi-empirical~~. 

Photochemical reactions i n  
the  Jovian atmosphere were  dis
cussed by Gross and Rasool, W i l d t ,  
Cadle, and Shimizu (Ref.493,
495-497). DMethanei s  decomposed 

by u l t r a v i o l e t  r ad ia t ion  of wavelength sho r t e r  t han  1600 A: 

CH, +hv-+ 1-1+CH,. ( 5  -35) 

The dissociat ion products en te r  i n t o  the  following reactions /4.15 

CI-I, +CH, + RI 4CzTr6+M, 
1-1+ II +31 1iZ + $r, 
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CH3 + 11 + 11+CIIa +N. ( 5  038) 

Ethane C2H, i s  decomposed under t h e  e f f ec t  of r ad ia t ion  h < 1500 A 

I n  t h e  presence of molecular hydrogen, t he  following react ion takes place: 

Reduction of CH, a l s o  proceeds by react ion between t h e  methyl r ad ica l  CH, and 
ethane C2G: 

CH3 +CzHz -+ CH4 + CzHs. 
( 5.41) 

The reactions ( 5  .bo) and (5.41) have high ac t iva t ion  energies ( 5  - 15 kcal-mol-' )
and apparently p l ay  no major r o l e  i n  the  Jovian atmosphere. The absorption co
e f f i c i e n t  of CH, near L a  a t t a i n s  4.00 cm" under normal conditions (cross sect ion 
s = 1.5 x l C T 1 7  cm-2). The ve loc i ty  of t he  reactions (5.36) - (5.38) i n  most /4.16
cases i s  known only t o  within one order of magnitude. The corresponding e s t i 
mates [according t o  Cadle (Ref .496)1 are given i n  Table 87. The dissociat ion 

TABU 87 

DV E a C I T Y  	OF CmAIN REACTIONS B ~ E THE DISSOCIATION 
PRODUCTS OF CH, AND NH, (FEF.4.96) 

( G e f f i c i e n t  o f  V e l o c i t y
Reac t ion  1 of  Reac t ion ,  cm6. mol-'sec-' 

7.  ~ x I O - ~ O  
10-3' 

(Z,5&2) x 10-3? 
10-31 

10-32 
10-31 

~ 

i s  ch ie f ly  governed Qy continuous absorption and by t h e  d i f fuse  bands i n  the 
region Ah 1000-2200 A. Owing t o  t h e  large number of solar quanta within this 
region, t he  d i s soc ia t i9n  m u s t  proceed a t  an extremely fas t  r a t e .  The absorption 
coeff ic ient  near 1342 A reaches i t s  value of 980 cm-I ( s  = 4.x 
cm'2), w h i l e  near La it decreases t o  190 cm-' . The products of t he  dissociat ion 
of NH, enter  i n t o  mutual react ions as w e l l  as i n t o  reactions with t h e  products 
of d i s soc ia t ion  of CH, : 
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The rate coe f f i c i en t s  of these react ions are a l s o  given i n  Table 87. The ul t ra
v io l e t  spectrum of t h e  products of photo1ysi.s of CH, and NH, has b e e n - l i t t l e  
investigated.  It i s  known t h a t  e t h y e  absorbs beginning with h 1500 A; hydra
zine (F2)2,beginning with h 2700 A; and t h e  m e t h y l  radical ,  beginning with 
h 2000 A, but quant i ta t ive da t a  are e i t h e r  absent o r  highly t en ta t ive .  The 
d i r e c t  d i s soc ia t ion  of H, 

1-12 $- hv --f �1+ 1-1 

owing t o  the  quanta exceeding t h e  bonding energy represents  a process with an 
extremely s m a l l  cross sect ion (apparently smaller than cm-2 ) . Probably
(as i n  t h e  case of molecular nitrogen i n  t h e  ear th 's  atmosphere) t h e  dominant 
mechanism is  d i s soc ia t ive  recombination. F i r s t  we have t h e  ion iza t ion  m 

112 + ILV = 11; + e-, (5=47) 
which i s  followed by the  chain of reactions [cf .  (Ref.457)I: 

Cadle ( R e f  496)  used an electronic  computer i n  calculat ing t h e  photochemical 
equilibrium i n  t h e  Jovian atmosphere a t  three levels ,  assuming a chemical compo
s i t i o n  close t o  t h a t  given i n  Table 80. A t  t h e  l e v e l  A, a t o t a l  of 50% and a t  
t h e  l e v e l  B, 90% of t h e  La r ad ia t ion  of CH, i s  absorbed; a t  t h e  l e v e l  C, 50% of 
radiat ion i n  the  region NH, Ah UOC-2000 A i s  absorbed. The r eac t ion  rate equa
t i o n s  (5.35) - (5.39), (5.42) - (5.45) were solved j o i n t l y  i n  adding t h e  reactions 

c113m12 + /1v--,CI-I3 + x1-12 (5-51) 
and 

(NI-I2)2 + hv --f 2x1-12. (5-52) 

The d i s soc ia t ion  of H2 a t  these l eve l s  i s  negl igibly small. The findings a r e  
presented i n  Table 88. 

It follows from these calculations t h a t  CH, and NH, must be t o t a l l y  decom
posed i n  t h e  Jovian atmosphere if t h e  above l is t  of reactions i s  complete, and 
t h e  main product of photolysis must be ethane. A s imi l a r  conclusion w a s  reached 
by Wildt i n  h i s  pioneering work (Ref.495), on t h e  basis of a qua l i t a t ive  discus
s ion  of t h e  same reactions.  Thus, it must be s t a t e d  t h a t  t h e  observable presence 
of CH, and NH, i n  t h e  Jovian atmosphere i s  i n  a sharp contrast  with t h e  photo
chemical equilibrium. Cadle assumed t h a t  these r e s u l t s  could be m$de t o  agree 
i f  one could ve r i fy  t h a t  H, weakly absorbs i n  t h e  region h < 1600 A (an absorp
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t i o n  coeff ic ient  of - 0.1 cm-' i s  required). W i l d t  assumes t h a t  methane may be 
reduced owing t o  t h e  react ions (5.40) - (5.41). However, such solutions do not 
seem convincing, and f u r t h e r  invest igat ion i s  needed. It m u s t  be considered 
that t h e  dissociat ion of CH, and NH, most l i k e l y  occurs a t  d i f f e ren t  a l t i t u d e s .  
Since ammonia freezes,  i t s  d i s soc ia t ion  m u s t  be appreciable already a t  t h e  base 
of t h e  stratosphere,  whereas t h e  l e v e l  of dissociat ion of methane probably l ies  
much higher. 

Conflicting r e s u l t s  a l s o  exist with respect t o  the  d i s soc ia t ion  a l t i t u d e  
of H, . Gross and Rasool ( R e f  .493) established t h a t  hydrogen i s  dissociated be
ginning a t  t h e  l e v e l  where t h e  concentration [H,] = lo9 ~ m ' ~ ,  whereas Shimizu /k18
( R e f  .497) found this level t o  be much lower (concentration 3 x le1 cm-3 ) . 

mTE OF PHOTOCHEMICAL DECOMPOSITION OF CH, AND NH, 
(Assuming a Negligible Effect of Photolysis on 
the  Concentration and Equi l ibr ium Concentrations 

of Photochemical Decomposition Products and of 
Subsequent Reactions (Ref 4 9 6 )  

Leve l  
_. 

To t a l  c o n c e n t r a t i o n  
i n c l u d i k g  H,, cm-3' 

- . __ d (SI-1:) 
, ~m-~.sec-ld l  

C 
0 [Cil.;]
.3&J 

m 
u 

C 


: 
u 

n C 

i
I1 

4.3n1014 1.5xlo16 3 . 7 ~1010 

l . l r10~ 7.4~103 0 

I 
I 1 . 2 a 1 0 '  4 .3~104 5.0w106
I 

1 0 0 G .hx l0l2* 
0 0 0 

0 0 0 

7 ./,x 10'" 2 .  Gk 1O1l 0 
1.3XIOJ 3.1~100 2.9x10'1 
~ . 0 ~ 1 0 7  2.8x108 0 
1.8xlbD 7.8~100 0 
3.3~10" 8.6~100 1.2x lG ' "  

-:t The CH, absorption coeff ic ient  a t  t h a t  l e v e l  i s  assumed as zero. 

Since t h e  mechanism of the photolysis of HZ i s  const i tuted by dissociat ive 
recombination, t h e  ionosphere of Jup i t e r  begins a t  roughly t h e  same a l t i t u d e  as 
t h e  d i s soc ia t ion  of hydrogen. If t h e  decameter radio emission of Jup i t e r  i s  t o  
be a t t r i b u t e d  t o  plasma o s c i l l a t i o n s  a t  hngmuir frequency ( c f .  Sect.5.8) t h e  
e l ec t ron  densi ty  a t  t h e  maxi"must be n e  = lo7 cnr3. T h i s  r a i s e s  the  question 
as t o  t h e  possible  c o q a t i b i l i t y  of such a high electron densi ty  (one order of 
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magnitude higher than i n  earth’s ionosphere) with t h e  small flux of ionizing 
radiat ion.  The e l ec t ron  densi ty  i s  determined by t h e  equilibrium between t h e  
rates of ionizat ion and recombination: 

4 = an:, 

where q is  t h e  number of quanta absorbed p e r  cm” p e r  sec;  ne i s  t h e  e l ec t ron  /4-19
density;  cy is  t h e  recombination f ac to r .  The p r i n c i p a l  source of e lectrons is  
the  absorption of u l t r a v i o l e t  r ad ia t ion  by atomic bdrogen  beyond t h e  Lyman limit: 

H +hv --+ H++e-, h <912 8. ( 5  4 3 )  

The electrons vanish as a consequence of t h e  react ions 

(5.54) 
( 5955) 

and a l s o  owing t o  eqs.(5.49) and (5.50). The ve loc i ty  of t h e  first of these 
reactions ( r ad ia t ive  recombination) i s  low, cy = lrl” cm3 sec-l, whereas t h e  
r a t e  of t h e  second r eac t ion  i s  high, cy = lr9 cm” sec-l . 

I n  t h e  earth’s ionosphere, a l o w  e l ec t ron  densi ty  i s  maintained because of 
t h e  f a c t  t h a t  t h e  p r i n c i p a l  process leading t o  t h e  disappearance of e lectrons is 
d i s soc ia t ive  recombination 

0: +e---> o;, 

and t h e  p r i n c i p a l  source of t h e  05 ions i s  not t h e  d i r e c t  i on iza t ion  of O2 (be
cause of t h e  r e l a t i v e l y  small cross sect ion)  but r a t h e r  t h e  exchange react ion 

0 2  +0’-->0; + 0. 

On Jupiter, t h e  analogous react ion 

i s  endothermic and v i r t u a l l y  forbidden. Rishbeth ( R e f  498)  mentioned this as 
t h e  possible  cause of t h e  high electron densi ty  i n  t h e  Jovian atmosphere”. Any
l i s t  of reactions influencing t h e  electron densi ty  i n  t h e  ionosphere must a l s o  
include reactions with helium, but we w i l l  not give these here. Gross and 
Rasool (Ref .493), on t h e  basis of a de t a i l ed  analysis  of a l l  processes involved, 
derived ne = 4. x I O 6  a t  t h e  ion iza t ion  maxi”. Shimizu obtained 1.6 x lo7 
(Ref 497) .  The ion iza t ion  m a x i ”  nearly coincides with t h e  d i s soc ia t ion  level .  

The u l t r a v i o l e t  r ad ia t ion  absorbable beyond t h e  Lyman l i m i t  leads t o  heating 

35 Note t h a t  such a s i t u a t i o n  i s  not possible  i n  t h e  ionosphere of Venus, s ince 
i ts  upper layers  must be s u f f i c i e n t l y  high i n  oxygen owing t o  t h e  d i s soc ia t ion  
of co”. 
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of t h e  upper atmosphere of Jup i t e r  but, i n  v i e w  of t h e  considerable dis tance 
from t h e  sun, t h e  temperature of this por t ion  of t h e  atmosphere above t h e  m 
absorption region cannot be high. Gross and Rasool obtained T = L!+O°K, assuming 
that t h e  energy absorbed beyond t h e  Lyman limit i s  drained downward due t o  heat 
conduction, but t h e i r  calculations were not presented i n  s u f f i c i e n t  d e t a i l .  
Obviously, t h e  real  value might depend l a rge ly  on t h e  a l t i t u d e  of t h e  "heat 
sink11 f o r  t h e  heat absorbed from above. 

T .  "6 Table 89 which gives t h e  r e s u l t s  of this calcu
n.cm-I 

150 1 1500 1 50~10 	 l a t i o n  shows t h a t  t h e  a l t i t u d e  a t  which we have 
n = 1cm-3 i s  - even f o r  T = 5000'K - consider
ably l e s s  than the  planet radius.  I n  view of 

1os 400 2000 5000 the  absence of diss ipat ion,  t he  barometric 
105 ti70 4 7 0 0  12000 
1 1100 9 000 24000 formula can be applied t o  t h e  Jovian exosphere

v i r t u a l l y  without r e s t r i c t i o n .  Ionization i n  

It i s  not precluded, however, t h a t  some addi t ional  soCrces of heating, such 
as sources having t o  do with r ad ia t ion  be l t s , a r e  operative i n  the  upper atmos
phere of J q i t e r .  The co r re l a t ion  of bursts  of decameter emission with t h e  
r o t a t i o n  period of Io  ( c f .  Sect.5.8) seems t o  indicate  t h a t  t h e  densi ty  of t h e  
Jovian exosphere i s  r a t h e r  high as f a r  up as the  o r b i t  of t h a t  s a t e l l i t e  ( R  = 
= L+.2O,OOO km). Note t h a t ,  a t  distances exceeding t h e  planetary radius, the 
e f f ec t  of t h e  r o t a t i o n  on t h e  t o t a l  g rav i ty  becomes e s sen t i a l .  

Section 5.7 	 Shgrt-IjaE Radio. Etnission of Jup i t e r  /k21
and Magnetic .Field 

The brightness temperature of Jup i t e r  i n  t h e  microwave range was first 
measured a t  A 3 cm i n  1956 by Mayer, McCullough, and Sloanaker (Ref.130). The 
r e s u l t  (14-5 & % O K )  i s  i n  s a t i s f a c t o r y  agreement with t h e  brightness temperature 
i n  the  in f r a red  range. Subsequently, it was demonstrated t h a t  ac tua l ly  t h e  
temperature a t  A 3 cm i s  higher, but a t  t h e  time t h e  observed coincfdence seemed 
a convincing proof f o r  t h e  thermal o r i g i n  of t h e  microwave emission of Jupi ter .  

Two years later, however, Sloanaker discovered t h a t  t h e  brightness tempera
ture of J u p i t e r  i s  unexpectedly high a t  A 10 cm, being T, = 600'K. T h i s  dis
covery was reported a t  t h e  Pa r i s  Radio Astronomy Symposium, and w a s  followed by 
intense s tud ie s  of t h e  radio emission spectrum of Jup i t e r  i n  t h e  decimeter range. 
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I n  recent years, t h e  p rope r t i e s  of t h e  decimeter radio emission of Jup i t e r  have 
been investigated i n  g rea t  d e t a i l .  A comprehensive review of these propert ies  
can be found i n  papers by Mayer ( R e f  .132) and Roberts (Ref 400 ,  501) as w e l l  as 
i n  t h e  book by V.V.Zhelezynakov (Ref .7). 

The spectrum of radio emission i n  the  wavelength range from 8 mm t o  3 m i s  
given i n  Fig.168 and Table 90. A t  A 3 cm, only the  upper limit i s  known 
(Ref.517); t h e  point  with t h e  lorgest  wavelength f o r  which t h e  i n t e n s i t y  i s  
known has been discovered by Gover (Ref.516). The r e s u l t s  by Roberts and co
workers, denoted with two aster isks ,  were derived f o r  a s ing le  system of power 
ca l ib ra t ion  and corrected f o r  t h e  e f f e c t  of var ia t ions due t o  planetary ro t a t ion  
(reduced t o  t h e  t e r r e s t r i a l  zenomagnetic l a t i t u d e  0'; see below). Nearly a l l  
of t h e  flux values are adjusted t o  t h e  dis tance between Earth and Jup i t e r
(4.04 a.u.). 

Table 90 and Fig.168 ind ica t e  t h a t  t h e  f lux F,, i n  t h e  region h > 10 cm 
remains v i r t u a l l y  constant and i s  equal t o  

If t h e  observed f l u x  i s  r e l a t ed  t o  t h e  dimensions of t h e  v i s i b l e  disk, then t h e  
brightness temperature can be expressed by t h e  formula 

where h i s  given i n  meters. It is  obvious t h a t  thermal r ad ia t ion  of an op t i ca l ly  
thick layer  cannot have such a spectrum, unless t h e  opacity varies rapidly with 
t h e  wavelength. An op t i ca l ly  t h i n  layer  with a n  extremely high temperature 
(e.g., ionosphere with an electron temperature Te 9 lo5 OK) may give a spectrum 
of this type, but t h e  existence of such a hot ionosphere would be d i f f i c u l t  t o  
explain. Thus, t he re  i s  reason t o  believe t h a t  t h e  observed spectrum with a & 
constant F, i s  of a nonthermal nature. Thermal emission begins t o  make an ap
preciable  contribution only a t  centimeter waves and w i l l  be dominant only a t  
h 8 mm. The e f f e c t  of thermal emission on the  spectrum consis ts  i n  elevating 
its short-wave end. Assuming t h a t  t h e  nonthermal spectrum i s  bounded by t h e  
frequency range v s Ido cycles ( h  2 3 cm), t h e  t o t a l  luminous emittance of non
thermal r ad ia t ion  i s  approximately 3 x lo7 w. 

Nonthermal mechanisms of radio emission had already been w e l l  investigated 
i n  astrophysics at  t h e  time of discovery of Jup i t e r ' s  llexcessI1 decimeter radio 
emission. It was  established t h a t  t h e  remnants of supernovae (e.g., Crab Nebula) 
and' t h e  so-called radio galaxies emit radio waves due t o  magnetic-acceleration 
emission of r e l a t i v i s t i c  e lectrons i n  magnetic f i e l d s .  T h i s  i s  a steady, long
time mechanism. Another type of nonthermal mechanism - plasma osc i l l a t ions  -
accounts f o r  t h e  strongly variable radio emission of t h e  disturbed sunJ which 
consis ts  of d i s c r e t e  bursts of varying in t ens i ty .  T h i s  mechanism consis ts  i n  the  
exc i t a t ion  of plasma osc i l l a t ions  by d i r e c t i o n a l  f luxes of charged p a r t i c l e s  
e jected during solar e r q t i o n s .  However, t h e  decimeter emission of Jup i t e r  ex
h ib i t s  no var ia t ions i n  time. Such a steady character of this emission warrants 
t h e  assumption t h a t  we are dealing with magnetic bremsstrahlung. 
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TABLE 90 /k22 

MICFDWAVE RADIO EPIISSION OF JUPITER 

OK (F lux  
, R e f e r r e d  

Angular  
mension s 
' V i s i b l e  
Disk  

-140 

0.835 1/145 2 3  
1.o lG5+10 
3.02 185+30 
3.03 I~I-J+ 
3.15 140*38 
3.15 l~ l5*18  
3.15 1 6 5 ~ 2 0  
3.17 173,123 
3.3 193520 
3.36 1a9*zo 
3.75 i/,n 
3.75 200 
G .o 300 
f i .5 32'1 i 3 3  
9 . / I  658jl39 

10.0 623 
10.3 640557 
11.3 810 
20.8 2933&'100 
21.2 2563*500 
21.3 6203 
21.3 2800&5180 
21.3 2800 
22 2460 
31 5803 
31.2 5003 
(1 3 12 OOJ~20C 
48.5  12 400 
(i8 19 Gi)O 
70 26 nljo 
70 26 700 
70.1F 20OGO,t26GO 
73.5 28 I100 
1511 120 030 
1ti8 86 000 
300 

I 1 

R e  f e ren ces 

Vetukhnovskaya, Kuz'min, e t  e l .  (Ref .  311) 
Bashar inov  e t  a l .  (Ref.  333)

Thornton and Welch (Ref .487)
Vetukhnovskaya, Kuz'min, e t  a l .  (Ref.  311) 

P a r i y s k i y  e t  a l .  (Ref .488) 

Giordmaine e t  a l .  (Ref .489) 

Mayer e t  a1 (Ref .130) 

Mayer e t  a l .  (Ref .490)  

Alsop e t  a l .  (Ref .502) 

Giordmaine e t  a l .  (Ref .489)  

Ribinova ,  Kuz'min, e t  a1  (Ref .491)  

Giordmaine e t  a l .  (Ref .489)  

Haddock and Dicke l  (Ref .  485)

Drake and E w e n  (Re f .503 

Rober t s  and Komlssarov t c f .  (Ref.50111 

Gol 'nev  e t  a l .  (Hef .5041 

Dose e t  al. (Ref. 505)

Bash, Drake, e t  a l .  (Ref .506) 

Slonecke r  and  McClain (Ref .  499) 

Rober t s  and Komissarov [cf.  Ref .  SOU]

Miller and Gary (Ref .  507)

McClain e t  a l .  (Ref .508)  

Eps te in  (Ref .  509)

(Ref .  510) 

Rober t s  and Komissarov [c f .  Ref.  SOU1 

Drake and Hvatum (Ref .  511) 

Rober t s  and S t a n l y  (Ref .512)  

Rober t s  and Komissarov [ c f .  Ref.  S o l ) ] 

Rzhiga and Trunova (Ref .513) 

Rober t s  and Eckers  Lcf. Re f .501) I  

Drake and tlvatum' ( R  f .  511) 


Xevzes  and T i b e r t i  Tcf.  (Re f .501) I  

Hakdebeck (Ref .  514),- 

Zakharov e t  a l .  (Ref .515) 

Rober t s  and Komissarov i c f .  

Kevzes [c f .  (Ref .  SO1)I 

Goker (Ref.  516)

Mills e t  a l .  (Ref.517) 


I 

++ Adjusted t o  t h e  dis tance of &.Ob a.u. 
3% Corrected f o r  var ia t ions due t o  t h e  d iu rna l  r o t a t i o n  of Jupi ter ,  
by adjusting t o  zero t e r r e s t r i a l  zenomagnetic l a t i t ude .  
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The discovery of Jupi ter ' s  decimeter radio emission was almost concurrent 
with t h e  discovery of t h e  earth 's  r ad ia t ion  belts.  Naturally, it was almost a t  
once hypothesized t h a t  J u p i t e r  has similar belts of high-energy p a r t i c l e s  sus
tained by i t s  magnetic f i e l d ,  and t h a t  t h e  bremsstrahlung of t hese  p a r t i c l e s  i n  
t h e  magnetic f i e l d  i s  t h e  source of nonthermal emission i n  t h e  decimeter range. 
T h i s  i dea  was f irst  qualita'tively suggested i n  a paper by Drake and Hvatum 
(Ref ,511) and quant i ta t ively invest igated i n  a number of subsequent s tud ie s  
(Ref 412, 518-523, 7 )  

Electron bremsstrahlung i n  a magnetic f i e l d  i s  known as synchrotron emis
s ion  vl.-?<l or E>EoC2 


( r e l a t i v i s t i c  case), and as cyclotron o r  gyro emission 

(nonre l a t iv i s t i c  case).  Here, v i s  t h e  e l ec t ron  veloci ty;  Eo = 0.5 Mev i s  t h e  
energy equivalent of t h e  rest mass of t h e  e l ec t ron  (E, = m,c2). Electrons i n  & 
a magnetic f i e l d  move along s p i r a l  o r b i t s  coiled around a cy l ind r i ca l  surface 
whose axis i s  a l i n e  of force.  The radius of t h e  surface ( r ad ius  of gyration) i s  

w h i l e  t h e  gyro frequency i s  

The t o t a l  i n t e n s i t y  of r ad ia t ion  i n  every d i r ec t ion  [cf .  ( R e f  .5&) 1 ( lminous  
emittance of one electron)  i s  

I n  these formulas, HI represents t h e  component of magnetic-field i n t e n s i t y  at  
r igh t  angles t o  t h e  l i n e  of force.  

The motion of charged p a r t i c l e s  i n  a magnetic f i e l d  cannot a f f e c t  t h e  con
stancy of t h e  quantity 

si112 a
If - const 

( 5  061) 

(a is  t h e  p i t c h  angle, i.e., t h e  angle between t h e  d i r ec t ions  of t h e  magnetic 
f i e l d  and of t h e  motion of t h e  electron),  termed t h e  adiabat ic  invariant .  Assume 



a f i e l d  covered with dipoles.  I n  t h a t  case, t h e  p i t c h  angle of t he  electron 
W i l l  increase on.motion along t h e  l i n e  of force toward one s ide  of t h e  magnetic 
equator. When t h e  p i t c h  angle reaches 90’ t he  electron, as though repulsed, 
W i l l  s tart  moving i n  t h e  opposite direct ion.  Therein consis ts  the concept of 
the magnetic t r ap  r e t a in ing  electrons i n  a magnetic f i e l d  (Fig.172). 

I n  t h e  nonre l a t iv i s t i c  case (cyclotron mechanism) t h e  emission frequency 
equals t h e  gyro frequency 

and eq.(5.60) can be rewri t ten i n  t h e  form 

Thus, i f  t h e  decimeter emission of Jup i t e r  i s  generated by electrons of sub-
r e l a t i v i s t i c  energy, t h e  order 	of magnitude of t h e  magnetic f ie ld  can be &!i 

determined. The emission i s  observed i n  t h e  
range of 2 x 10’ - lolo cycles. Suppose v = 
= lo” cycles ( h  = 30 cm). Then HL = 300 gauss. 
The broad spectrum may qua l i t a t ive ly  be explained 
by t h e  presence of e lectrons of d i f f e ren t  ener
gies ,  by t h e  varying i n t e n s i t y  of t h e  magnetic
f i e l d  a t  d i f f e ren t  points ,  and by the  va r i a t ion  
i n  p i t c h  angle. 

On specifying e.g., an energy of E = 
= 0.1 E,, eq.(5.63j can be used t o  derive t h e  
luminous emittance p e r  electron: I = 4 x w. 
Assuming t h a t  t h e  t o t a l  f l u x  of nonthermal radio 

Fig.172 Diagram Showing emission of t h e  planet  is  3 x lo7 w, t h e  t o t a l  
t h e  Meridional Project ion number of p a r t i c l e s  i n  t h e  b e l t  W i l l  be N = w5. 
of t h e  S p a t i a l  Trajectory Assuming t h a t  t h e  volume of the emitt ing region 
of a Charged P a r t i c l e  i n  i s  10 times as large as t h e  volume of t h e  planet 
a Magnetic Dipole Field.  	 (which i s  1.4 x 1Focm3), we obtain an electron 

densi ty  of ne = lo* ~ m - ~ ,which i s  th ree  orders 
of magnitude lower than t h e  concentration of 

40 - 100 Kev electrons i n  earth’s outer  r ad ia t ion  belt  [ f l u x  lo7 cm’2 sec-’ ; 
c f .  f o r  example ( R e f  .525)1. The high r ad ia t ion  i n t e n s i t y  i s  due t o  the  strong 
magnetic f i e l d  and t h e  considerable extent of t h e  emitt ing region. I n  a strong 
field,  however, e lectrons must r a t h e r  rapidly become de-excited. Their lifetime 
i s  

t = - -EI -. 2xi03s0c. 

Thus, there  must exist a source of high-energy electrons o r  an accelerat ion 
mechanism t h a t  continually supports a steady-state concentration i n  the  belts. 
A similar problem exists with respect t o  t h e  terrestr ia l  r ad ia t ion  belts, 
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t h e  only difference being t h a t ,  i n  this case, e lectrons a r e  d i r e c t l y  l o s t  due t o  
penetrat ion i n t o  t h e  atmosphere r a the r  than due t o  radiat ion.  

However, it should be noted t h a t  a f i e l d  i n t e n s i t y  of - lo3 gauss i s  exces
s ive ly  high. Assuming t h a t  t he  magnetic moment of a planet  i s  proport ional  t o  
i t s  mechanical moment, t h e  magnetic moment of J u p i t e r  m u s t  be lo5 times as high 
as t h a t  of t h e  ear th .  The i n t e n s i t y  of t h e  dipole  f i e l d  i s  proport ional  t o  R-3, 
where R i s  t h e  dis tance from the  equivalent dipole.  Since 

(2)3
= 1.6*103, 

t h e  ant ic ipated i n t e n s i t y  a t  t h e  pole of Jup i t e r  w i l l  be 50 gauss. 

A r e l a t i v i s t i c  e lectron r ad ia t e s  a broad spectrum of frequencies. The fl& 
greater  port ion of i t s  energy i s  localized i n  the  neighborhood of 

The max imum frequency i n  t h e  energy d i s t r i b u t i o n  [c f .  f o r  example (Ref.526)I i s  
equal t o  

v,,, = 5.4~10-~2?2, (5.65) 

where E i s  t h e  energy i n  electron-volts. Comparinff eq.( 5.62) with eq.( 5.64) we 
see t h a t  t r a n s i t i o n  t o  r e l a t i v i s t i c  electrons makes it possible  t o  reduce t h e  
i n t e n s i t y  of t h e  magnetic f i e l d  f o r  a given r ad ia t ion  frequency v .  Assume t h a t  
H, = 50 gauss near t h e  pole and H = 10 gauss i n  the  emitting region. Then, 

The de-excitation t i m e  of t h e  electron ( the  time during which t h e  energy 
reduces t o  half due t o  losses  by synchrotron radiat ion) ,  expressed i n  years, i s  
as follows: 

i .e., maintenance of a steady-state i n t e n s i t y  requires complete renewal of 
p a r t i c l e s  i n  the  r ad ia t ion  be l t  within several  days. T h i s  may be prolonged t o  a 
year on reducing t h e  i n t e n s i t y  of t he  f i e l d  by one order of magnitude, but then 
t h e  electron energy will increase t o  20 MeV. The energy spectrum of p a r t i c l e s  
i n  the r e l a t i v i s t i c  case i s  linked t o  t h e  emission s p e c t r m  by a very elementary 
r e l a t ion :  The exponential energy spectrum N(E)- E-' corresponds t o  t h e  ex-

' -+ 'ponent ia l  emission spectrum I ( v ) o >  va, where CY = -2 - Since f o r  J q i t e r  
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CY = 0, y = 1, the  spectrum has t h e  form of N(E) 03 ET1 , i .e. ,  i s  extremely smooth. 
I n  t h e  t e r r e s t r i a l  r ad ia t ion  belts, y = 5. The number of electrons i n  t h e  emit
t i n g  regions can be estimated from t h e  r a t i o  

where I is t h e  t o t a l  lminous  emittance of Jup i t e r  a t  decimeter waves (3 x 
x lo7 w). If HL = 1gauss, t h e  t o t a l  number N of p a r t i c l e s  with 20-Mev energies 
i s  = lo2’ or, assuming t h a t  t h e  volume of t h e  emitt ing region i s  10 times as 
large as t h e  volume of t he  planet ,  i .e.,  V = 8 x lo3’ cm3, the  densi ty  w i l l  be /4.27 

which is  many orders of magnitude greater  than i n  t h e  terrestr ia l  r ad ia t ion  
b e l t s .  Thus, a t  t h e  m a x i ”  of t h e  earth’s outer r ad ia t ion  belt  t h e  f l u x  of 
electrons of energy E = 1.6 Mev W i l l  be L = lo4 cm-2 sec-l (Ref.525), which 
corresponds t o  t h e  density 

11 = -L = 3~I O - ’ C ~ - ~ .  

Thus, t he  p r i n c i p a l  objection t o  t h e  cyclotron mechanism i s  the requirement
of a high f i e l d  strength,  while t h e  p r inc ipa l  objection t o  t h e  synchrotron 
mechanism is  the  indispensabi l i ty  of a high densi ty  of r e l a t i v i s t i c  p a r t i c l e s .  
Assuming t h a t  t he  r ad ia t ion  belts are replenished external ly  by cosmic-ray 
p a r t i c l e s  and using t h e  parameters specified above, a f l u x  of 10-Mev electrons 
amounting t o  approximately 1cm-2 sec-’ i s  required, on condition t h a t  a l l  t h e  
p a r t i c l e s  a r r iv ing  a t  t h e  boundary of Jupiter’s magnetosphere are captured. The 
real  f l u x  of e lectrons of such energies i n  cosmic rays i s  a t  l e a s t  two orders of 
magnitude smaller (Ref .527). It i s  not precluded, however, t h a t  t h e  e lectrons 
a r e  accelerated i n  t h e  environs of Jup i t e r  i t s e l f .  

Magnetic bremsstrahlung i s  not i so t rop ic .  A t  l o w  energies, i t s  d i r ec t iona l  
diagram i s  the  same as that of an elementary dipole oriented along a l i n e  of 
force ( to rus ) .  A t  r e l a t i v i s t i c  energies, t h e  electron r ad ia t e s  within a cone 
directed forward along a tangent t o  t h e  l i n e  of force and having tne f h r e  
angle of 

I n  both cases, t h e  r ad ia t ion  i s  l i n e a r l y  polarized i f  t h e  observer i s  i n  a plane 
perpendicular t o  t h e  l i n e  of force. A t  observations a t  an angle, c i r cu la r  
po la r i za t ion  appears. 

On t h e  whole, i f  t h e  magnetobrems emission hypothesis i s  correct,  it may be 
expected t h a t  Jupi ter’s  decimeter emission has t h e  following propert ies :  a)  The 
s i z e  of t h e  emission region g rea t ly  exceeds t h e  s i z e  of t h e  planet ,  as i s  implied 
by analogy with t h e  terrestr ia l  r ad ia t ion  b e l t s ;  b) t h e  emission i s  polarized and 
t h e  e l e c t r i c  vector i s  probably p a r a l l e l  t o  t h e  magnetic equator. 
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Radhakrishnan and Roberts ( R e f  .528), on t h e  basis of interferometr ic  Ob
servations of Jup i t e r  a t  t h e  31 cm wave, established t h a t  both of t h e  above 
propert ies  are present .  They demonstrated t h a t  t h e  emitt ing region has an ex
t e n t  three times as l a rge  as t h e  planetary diameter i n  t h e  equa to r i a l  plane /&&3
and roughly as l a rge  as t h e  planetary diameter i n  t h e  po la r  direct ion.  No 

c i r cu la r -po la r i za t ion  was detected 
(< 6%) and only l i n e a r  polariza
t i o n  was observed: p = 33%,with 
t h e  e l e c t r i c  vector being p a r a l l e l  
t o  the magnetic equator with an 
accuracy t o  within *12O. Later it 
w a s  shown t h a t  t h e  degree of 
po la r i za t ion  i s  somewhat less 
( 22%) and t h a t  within t h e  range 
from 11.5 t o  100 cm it i s  inde
pendent of t h e  frequency [Roberts 
and Korcissarov; cf . (Ref 401)1. 
The f l u x  of polarized emission w a s  
F = 1.5 x w m-2 (cps)-1 . 
A$ high frequencies, t h e  polarized 
flux decreases [F, = 0.8 x 
x 1~~~w m-" (cps)" a t  
A 3.75 cml, but t h e  reason f o r  
this i s  unclear: It may be be
cause t h e  degree p of po la r i za t ion  
decreases o r  because t h e  t o t a l  
f l u x  of nont hermal emission changes 
w h i l e  p remains constant; this i s  
e s s e n t i a l  i n  s e l ec t ing  t h e  model. 
I n  cyclotron radiat ion,  one and 
t h e  same electron emits a low fre
quency near t h e  equator and a high 
frequency a t  t h e  ends of t h e  t r ap .  
Near t h e  equator polar izat ion i s  
g rea t e r  since, i n  t h e  upper Iati
tudes, t h e  po la r i za t ion  of t he  
northern half  of t h e  b e l t  pa r t i a l 
l y  compensates that  of t h e  southern 
half .  Hence i n  t h e  case of cyclo
t r o n  r ad ia t ion  it must be expected 
t h a t  t h e  degree of po la r i za t ion  
w i l l  decrease with increasing fre
quency. It i s  as ye t  unclear 
whether t h e  observed decrease i n  
Fp a t  centimeter waves can be at
t r ibu ted  t o  this fac to r .  

Morris and Berge (Ref .529) 
found t h a t  t h e  o r i en ta t ion  of t h e  

Fig.173 Posi t ion Angle of t h e  M a x i "  
of  t h e  E lec t r i c  Vector as a Function of 

t h e  Longitude i n  t h e  System 111. 
a)  2 1  cm, August 1963; b) 21 cm, 
August-September 1962; c )  11.3 cm, 
November 1963. Throlugh t h e  po in t s  cor
responding t o  t r a n s i t  of t h e  polariza
t i o n  plane across t h e  median posit ion,  
broken l i n e s  are drawn. These moments 
correspond t o  t h e  spacings between 
minim i n  Fig.174. Points obtained on 
different  days are denoted by d i f f e ren t  

symboh ( R e f  418). 

po la r i za t ion  plane pe r iod ica l ly  var ies  by roughly 10%. The period of this vari
a t i o n  equals t h e  eriod of r o t a t i o n  i n  t h e  system 111with an accuracy t o  within 
&0.5 sec (Ref.5017 . T h i s  means t h a t  t h e  magnetic axis of Jup i t e r  does not 
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Fi .174 Periodic Variations i n  Total  Flux from Jupi te r  
?Sum of Both Polarizations a t  Various Wavelengths). 

Absolute values refer t o  the  mean distance of  4.04 a.u. I n  each case 
(except f o r  t he  observations at  n.3 cm i n  November 1964), observa
t ions  on d i f fe ren t  days a re  denoted by d i f fe ren t  symbols. The 1962 
observations at  X 21 and h 74 cm were carr ied out simultaneously.
Ordinate: power flux i n  uni t s  of 1C26w m-2 (cps)-l . 

coincide with i t s  axis of ro t a t ion  (as i s  t h e  case f o r  t he  ear th) .  The coordi
nates of t h e  Jovian magnetic f ie ld  i n  t h e  system 111, according t o  Roberts 
(Ref .501), are 

ZrII = 193 f8", ~p = 80 & 0."5. 

Figure 173 shows f luc tua t ions  i n  t h e  or ien ta t ion  of t h e  polar iza t ion  plane 
a t  A 11.3 and A a cm according t o  observations by Roberts and Komissarov [ c f .  
(Ref .501)1. There i s  a d i s t i n c t  non-sinusoidal pa t te rn ,  which may be due e i t h e r  
t o - a  displacement of t h e  equivalent dipole  r e l a t i v e  t o  t h e  center of t h e  planet  
or, i n  genera1,to a deviat ion of t h e  f ie ld  from a dipole  f i e l d .  
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Many observers have mentioned t h e  time-variance of i n t ens i ty ,  even within 
a s ing le  night ( R e f  .499, 505-508). Some authors ( R e f  405-508) established a 
co r re l a t ion  between t h e  va r i a t ion  i n  i n t e n s i t y  and t h e  period of r o t a t i o n  i n  t h e  
system 111. However, these observations were made a t  one po la r i za t ion  only. 
Roberts, i n  collaboration with Komissarov and Eckers [cf .  (Ref .501)], carr ied 
out observations with a combination of both polar izat ions,  which permits detect
ing  t h e  a c t u a l  var ia t ions i n  t o t a l  flux, withoGt in t e r f e rence  from f luctuat ions 
i n  the  o r i en ta t ion  of t h e  po la r i za t ion  plane of t h e  source. A t  hh 11.3, 21, and 
.48 cm it was discovered t h a t  t h e  t o t a l  flux varies with a period equal t o  one- L4.29 
half t h e  r o t a t i o n  period. During one complete period, two m i n i m a  are observed 
i n  t h e  system 111, one near 18' and one near 198', with t h e  first being somewhat 
weaker than  t h e  second (Fig.174). The double period of flux osc i l l a t ions  coin
cides with t h e  period i n  t h e  system I11 t o  within *Os .8. The minima coincide 
i n  time with t h e  i n s t a n t s  of t r a n s i t  of t h e  po la r i za t ion  plane across t h e  m 
median pos i t i on  ( c f .  Figs .173 and 174.) A t  h 74 cm, t h e  f l u x  var ia t ions are 
markedly smaller than i n  t h e  region hh 11-48 cm. The degree of po la r i za t ion  
a l so  f luc tua te s  somewhat, with a period equal t o  t h e  period of r o t a t i o n  
(Ref 401). 

Several papers mentioned long-period var ia t ions i n  the  f l u x  and invest i 
gated t h e i r  possible  co r re l a t ion  with s o l a r  a c t i v i t y  (Ref .508, 530-533). Roberts 
( R e f  .501) and Bash e t  a l .  ( R e f  .506) found no f l u x  var ia t ions exceeding t h e  ob
servat ional  e r r o r  E m i t s .  Thus, t he  r e a l i t y  of t h e  slow variat ions remains 
contestable. 

The per iodic  f l u x  var ia t ions estimated by Roberts and Komissarov satis- &l
f a c t o r i l y  agree with t h e  terrestr ia l  zenomagnetic l a t i t u d e  (F'ig.175). Here, 
s t i l l  another property of magnetic accelerat ion emission, namely i t s  d i r e c t i v i t y ,  
manifests i tself .  When t h e  e a r t h  i s  i n  t h e  northern l a t i t udes ,  we have 

and when it i s  i n  t h e  southern l a t i t udes ,  

I;- (cos (5069) 

This difference const i tutes  one more proof of f i e l d  asymmetry. Roberts and 
Komissarov found t h a t  these r e l a t ions  can be in t e rp re t ed  as t h e  e f f ec t  of t h e  
presence of two groups of e lectrons with different  p i t c h  angles: 1)electrons 
with p i t c h  angles of - 90' and 2) electrons with a g rea t  va r i e ty  of p i t c h  
angles. Earlier, Chang and Davis (Ref  4 2 1 )  and Korchak ( R e f  .522), i n  analyzing 
po la r i za t ion  on the  basis of t he  synchrotron theory, had postulated t h e  presence 
of a group of e lectrons with l a rge  p i t c h  angles. It is qua l i t a t ive ly  obvious 
t h a t  a subs t an t i a l  degree of po la r i za t ion  can occur only if the  electrons a r e  
concentrated i n  t h e  low l a t i t udes ,  which requires predominance of large p i t c h  
angles. I n  v i e w  of t h e  isotropy of t h e  p i t c h  angles, t he  electron concentration 
along t h e  l i n e  of force i s  constant. 

An extremely detai led brightness d i s t r i b u t i o n  a t  h 10.4.cm w a s  derived by 
Berge by t h e  interferometr ic  method (Fig.176). T h i s  d i s t r i b u t i o n  shows t h a t  
Jup i t e r  has two r ad ia t ion  be l t s ,  one inner  and one outer.  The inner b e l t  i s  
r a the r  oblate toward t h e  equator, which ind ica t e s  predominance of p i t c h  angles 

354 



close t o  90'. The ex te rna l  boundary of t h e  outer r ad ia t ion  b e l t - i n  t h e  plane 
of t h e  magnetic equator has a radius of 3.5 R,, w h i l e  t h a t  of t h e  ex te rna l  
boundary of t h e  inner  r ad ia t ion  belt  i s  2R, where R, i s  t h e  planetary radius.  
Bergevs observations ind ica t e  a high brightness temperature of t h e  disk a t  
h 10 cm, being about 280'K. 

Fig.175 Total  Flux from Jup i t e r  (Sum of Two Polar izat ions)  
as a Function of t h e  Terrestrial Zenomagnetic Latitude. 

If this r e s u l t  i s  r e l i ab le ,  it may be considered as a proof f o r  r e l a t i v e l y  
high temperatures i n  the  deep layers  of t h e  Jovian atmosphere. 

Attempts have been made a t  deriving t h e  brightness d i s t r i b u t i o n  i n  t h e  
emitt ing region from t h e  va r i a t ion  i n  f lux during occul ta t ion of Jup i t e r  by t h e  
moon [cf . (Ref 434) I, but it was  found t h a t  Jup i t e r  i s  too  weak a source f o r  
this method and t h a t  t h e  accuracy i s  less than with t h e  interference method. 
According t o  unpublished observations by Roberts and Clark during occul ta t ion of 
Jup i t e r  by t h e  moon [ c f .  (Ref.501)1, t h e  form of t h e  source i n  t h e  range from 
2 1 t o  74 cm r e m a i n s  unchanged. 

Observations by radioastronomers a t  t h e  Pulkovo Observatory (Ref.4.88, L.422 
504, 535) indicate  t h a t  t h e  brightness d i s t r i b u t i o n  a t  h 6.5 cm may be repre
sented by a Gaussian curve with t h e  variance 0 = 1.5%. This apparently means 
t h a t  t h e  energy spectrum of p a r t i c l e s  i n  t h e  inner  belt i s  smoother t han  i n  t h e  
outer  belt .  A t  h 3 cm, t h e  s i z e  of t h e  emitting region i s  smaller than l.lRo, 
but t he re  t h e  proportion of thermal r ad ia t ion  already becomes too large.  Most 
l i ke ly ,  t he  t o t a l  i n t e n s i t y  of t h e  nonthemal component i n  t h e  region X < 10 cm 
decreases instead of remaining constant. 
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Eg.176 Distr ibut ion of Brightness Temperature over t h e  Disk 
of J u p i t e r  [ h  10.4. cm, Ekrgets Interferometric 

Observations (Ref .501) 1. 
The lldiskl1 component of 280'K w a s  subtracted.  Isotherms a r e  
given once every S ' K .  The sca l e  of angular dimensions ( i n  

minutes of a r c )  i s  adjusted t o  t h e  dis tance of 4.04 a.u. 

Berge and Morris (Ref .536) carr ied out.observations of Jup i t e r  a t  h 10 cm 
with a two-antenna interferometer on switching t h e  o r i en ta t ion  of t h e  antenna 
e x c i t e r  as follows: 1) t h e  po la r i za t ion  of both exc i t e r s  i s  garallel  t o  t h e  axis 
of r o t a t i o n  o r  2) one e x c i t e r  i s  incl ined a t  an angle of +45 t o  t h e  a x i s  of 
r o t a t i o n  and t h e  other, a t  a n  angle of -4.5'. I n  t h e  first case, mostly disk 
emission was observed and i n  t h e  second, belt emission. It was found t h a t  t h e  
phase difference i n  t h e  r e su l t an t  interference p a t t e r n s  varies With a period 
equal t o  t h e  r o t a t i o n  period of t h e  system 111. To quant i ta t ively account f o r  
t hese  var ia t ions,  it m u s t  be assumed t h a t  t h e  center  of t h e  region emitting non
thermal r ad ia t ion  is displaced by 0.6R0 with respect t o  t h e  center of t h e  planet .  

However, t h e  r e s u l t s  of observations with a e n c i l  beam contradict  such an 
in t e rp re t a t ion .  Roberts and Eckers [c f .  (Ref -501P1 obtained a displacement of 
0.15Ro from p rec i s ion  observations of t h e  pos i t i on  of t h e  centroid of t h e  emit
t i n g  region. Roberts assumed t h a t  t h e  r e s u l t s  of Berge and Morris may be attri
buted t o  t h e  presence of c i r c u l a r  polar izat ion.  

We Will attempt t o  sum up t h e  foregoing: Spectrum, polar izat ion,  dhen- &'& 
sions, brightness d i s t r ibu t ion ,  per iodic  var ia t ions i n  t h e  po la r i za t ion  plane, 
and t o t a l  flux - i n  one word, nearly a l l  of t h e  diverse  information available on 
t h e  decimeter radio emission of Jup i t e r  s a t i s f a c t o r i l y  f i ts  t h e  hypothesis of 
magnetic bremsstrahlung of electrohs i n  t h e  Jovian r ad ia t ion  be l t s .  The question 
of i n t e n s i t y  of t h e  thermal r ad ia t ion  of t h e  disk a t  h < 10 cm i s  unclear. It 
i s  suspected t h a t  i n  t h e  range of 3 - 10 cm t h e  brightness temperature of t h e  
disk i s  considerably higher than i t s  infrared temperature. The available data  
are not su f f i c i en t  t o  estimate t h e  magnetic f i e l d  and p a r t i c l e  energy of t h e  
r ad ia t ion  belts. The strong c i r c u l a r  po la r i za t ion  of t h e  bursts  of radio emis
s ion  i n  the  decameter range implies t h a t  H > 10 gauss ( R e f  401).  V.V.Zheleznyakov 
( R e f  .7, 523) mentioned t h a t ,  i n  t h e  presence of a magnetic f i e l d  of H = 103 gauss 
and a plasma densi ty  of t h e  order of s eve ra l  tens of crK3 i n  t h e  exosphere, 
Faraday r o t a t i o n  should blur t h e  polar izat ion.  It i s  not precluded, however, 
t h a t  t h e  plasma densi ty  i s  much less, considering t h a t  t h e  temperature of t h e  
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Jovian exosphere i s  probably low. 

Section 5.8 	 Decameter Radio Etnission. Tentative Radar 
Observations of Jmiter 

In Sections 5.6 and 5.7 we discussed two components of t h e  radio emission 
of Jupiter, both of which have an e s s e n t i a l l y  d i f f e ren t  nature: thermal radio 
emission of t he  disk and magnetic bremsstrahlung of t h e  p a r t i c l e s  captured i n  
t h e  r ad ia t ion  belts around that planet .  A t  centimeter waves, these components 
combine so  w e l l  t h a t  they a r e  d i f f i c u l t  t o  i s o l a t e .  I n  this Section we w i l l  
d e a l  with a t h i r d  component of radio emission of Jupi ter ,  namely sporadic 
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1954 FeA7 7954 Fe&.27 
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Fig.177 Sample Traces of Sporadic Radio Einission of Jup i t e r  
with Varying Pulse Density (Ref .537). 
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decameter radio emission. Like decimeter emission, decameter emission a l s o  i s  
nonthermal but d i f f e r s  g rea t ly  both i n  observed p rope r t i e s  and i n  physical  
nat  ure . 

I 	 J u p i t e r t s  decameter radio emission, no 
planets  were included i n  t h e  l i s t  of 

During noise storms ai; frequencies below 30 mc, Jupi ter ,  next t o  t h e  sun, 
i s  the  most intense source of radio emission i n  t h e  e n t i r e  sky. Following t h e  
discovery of J u p i t e r t s  sporadic decameter radio emission many authors, chief ly  
i n  t h e  United States and Australia, began t o  inves t iga t e  it systematically. A 
de t a i l ed  survey may be found i n  t h e  works by Burke, Galle, Roberts, Zheleznyakov, 
and E l l i s  (Ref.539, 540, 500, 7, and 541). 

Sporadic radio emission of Jup i t e r  has never been detected at  frequencies 
of v > 43 mc. I n  t h e  low-frequency direct ion,  t he  observations were performed 
down t o  5 mc as t h e  lowest frequency s t i l l  general ly  accessible  t o  systematic 
earth-based observations’ (and a t  t h a t  only under p a r t i c u l a r l y  favorable condi
t ions,  s ince the  c r i t i c a l  frequency of t h e  ionosphere normally r e s t r i c t s  t h e  
long-wave l i m i t  of radio astronomy studies  t o  a region of a p p r o ~ m a t e l y15-X, mc). 
The mean power spectrum i s  given i n  Fig.178; it r i s e s  s teeply from high t o  low 
frequencies. The t o t a l  power of t h e  decameter radio emission of t h e  planet i s  
5 x 10” w (Ref.543). 

The duration of d i s c r e t e  bursts responsible f o r  t h e  noise s t o m  ranges 
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from sec t o  seve ra l  minutes [cf., f o r  example (Ref .9+.3-546)1. Dynamic 
spectra  ( R e f  446-548) of decameter bursts (spectra  with t i m e  scan) showed m 
that the  individual  bursts are confined t o  a narrow frequency range of a width 
of Av = 0.5 mc; t h e  frequency of a group of bursts may vary slowly, a t  t h e  r a t e  

I 

Fig ,179 Drift of Central  Merid
i a n  i n  t h e  Longitude System I1 
f o r  Cases of Occurrence of 
Bursts of Radio Efnission a t  
19.7-mc Fre ency i n  1955-1956 

g e f . 5 4 ~ ) .  

of roughly one megacycle p e r  minute. 
Riihimaa ( R e f  44.6, 548) investigated t h e  
f i n e  s t ruc tu re  of t h e  individual  bursts 
with a t i m e  resolut ion of 0.1 sec, w h i l e  
Warwick used a time resolut ion of 1.3 sec 
(Ref.547) 

The frequency of occurrence and mean 
power of t h e  bursts vary with a period 
close t o  t h a t  of t h e  system I1 but not 
i d e n t i c a l  with it (Fig.179). Douglas 
(Ref .550), based on a s t a t i s t i c a l  analysis  
of observations, found the  r e p e t i t i o n  
period t o  be T = 9h55m296.37 f 0.13. This 
value of T w a s  adopted i n  1962 by t h e  
Internat ional  Astronomical Union as t h e  
ro t a t ion  period of t he  system 111, i . e . ,  
of a new longitude system associated with 
t h e  radio emission of t h e  planet r a the r  
than with t h e  r o t a t i o n  of v i s i b l e  markings. 
Carr and associates  (Ref.555) found T = 
= 9h55"296.35. Douglas (Ref .551) and 
Galle (Ref .540) considered t h e  question of 
constancy of t h e  period. Galle found t h a t  
during 1956-1957 t h e  period was  1sec longer 
than during 1951-1957. Douglas found no 
var ia t ions exceeding t h e  limits of statisti
c a l  indeterminacy. Smith, k b o ,  e t  a l .  
(Ref.553) detected a sharp va r i a t ion  i n  the  
r o t a t i o n  period of decameter sources on 
Jup i t e r  a f t e r  1960: The period increased 
by approximately 1.2 sec, and an appreciable 

the  c e n t r a ld r i f t  of t h e  longitude of 
meridian appeared i n  t h e  system 111, a t  t h e  r a t e  of lEo.45 p e r  year. It w a s  
roughly then t h a t  t h e  r o t a t i o n a l  veloci ty  of t h e  Great Red Spot a l s o  changed 
subs t an t i a l ly  (Fig .l80). However, it should be noted t h a t  t h e  r o t a t i o n  periods 
of t h e  systemIIIand t h e  Red Spot d i f f e r  t oo  much t o  consider t h e  Spot itself as 
the  source of radio emission. A t t e q t s  at simultaneous observation of Jup i t e r  
i n  the  o p t i c a l  and decameter ranges w e r e  unsuccessful i n  ident i fying t h e  bursts  
with t h e  phenomena visible on t h e  disk ( t r a n s i t  of some marking across t h e  
meridian, eruption, e t c  .) . 

Many invest igators  studied t h e  probabi l i ty  of occurrence of bursts as a 
funct ion of longitude of t h e  c e n t r a l  meridian. The avai lable  da t a  on t h e  mean 
power of emission as a funct ion of longitude a r e  much more scarce. Figure 181 
presents  longi tudinal  p r o f i l e s  of both types from data  by McCullough e t  a l .  
(Ref 44.2). The p r o f i l e s  vary subs t an t i a l ly  with frequency. A t  - 20 mc, t he re  
occurs a pronounced peak i n  t h e  i n t e r v a l  200 - 280°, with secondary peaks near 
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a) 61 90 - 160' and 300'. A s  t h e  frequency de
1	 ' 1 ' 1 creases, t h e  relative magnitude of t h e  

secondary peaks a l s o  decreases. A t  a fre
quency of 5 mc, bursts are observed on 
nearly every longitude. I n  t h e  mean power 
p ro f i l e s ,  t h e  longitude dependence i s  more 
d i s t i n c t .  A t  5 mc, t h e  mean power p r o f i l e  

annually 	 resembles a s i n e  curve with maxima near 
tl,, 160' and 330'. Figure 182 gives a 
graphical representat ion of t h e  longitude 

0 and frequency dependence of i n t e g r a l  power
0 i n  t h e  form of a chart  with isophotes. It 
3 
 - is  i n t e r e s t i n g  that, a t  v = 10 mc, t h e  

0 
peaks a t  t I I r  130' and &O' disappear while 

0 


0 t h e  peaks near 175' and 330' become sharper. 

I 

0 - The c h a r a c t e r i s t i c s  of spectrograms with 
19480 780mc 0 t i m e  scan a l s o  recur  with a period equal 

0 t o  t h e  period of t h e  system I11 ( R e f  .552). 
0 The mean emission frequency tends t o  in-

I 1 _ I 1 1 1 .1g49,z w  z w  zzuo iRs 
crease i n  time near t h e  longitude t I I I  =z j l o '  zio4 

~ ~ = ~ ~ 5 5 ~ 4 r : 5 3  = 130' and t o  decrease near t,,, = 270'.~, ,=Y~ss"zs?~~ 
Fig. 180 The l imited width of t h e  peaks i n  the  

a - Dri f t  of source of decameter longitude d i s t r i b u t i o n  of t h e  frequency 
emission i n  the  longitude sys- of occurrence of t h e  bursts permits drawing 
t e m  I11 (1957.0); b - D r i f t  of two conclusions: a)  The sources of deca-
Red Spot i n  a s p e c i a l  system, meter emission occupy only p a r t  of t h e  & 
selected t o  reduce t o  a minimum planetary surface; b) t h e  emission i s  di
t h e  movements between 1945 and rect ional .  The d i r e c t i o n a l  diagram 0 and 

1955 (Ref.553) 	 t h e  longi tudinal  extent A t  of t h e  sources 
a r e  linked by the  r e l a t i o n  L =  A t  + 0 ,  
where L i s  t h e  observed peak width i n  longi

t u d i n a l  d i s t r ibu t ion .  It i s  not precluded t h a t ,  generally speaking, t h e  sources 
a r e  v i r t u a l l y  point  sources and t h a t  9 = L. 

However, t h e  time dependence of t h e  frequency of occurrence of bursts con
tains periods t h a t  are longer than the  period of axial r o t a t i o n  of the planet .  
Bigg (Ref.554) found t h a t  one of these periods, which i s  very d i s t i n c t l y  ex
pressed, coincides with t h e  period of revolution of I o  (Fig.l-83). The strongest 
noise storms occur c lose t o  the  moments of transit of I o  across posi t ions of 
maximum elongation. McCullough and Ellis ( R e f  .542) confirmed this surpr is ing 
correlat ion.  They observed it a t  frequencies of 28, a . 5 ,  and 4.7 mc. A t  lower 
frequencies t h e  dependence i s  l e s s  pronounced. 

Bursts of decameter emission appear t o  be s t a t i s t i c a l l y  re la ted t o  s o h -
a c t i v i t y .  Carr e t  a l .  (Ref.555), based on 1957-1960 observations, derived an 
e x p l i c i t  negative co r re l a t ion  with t h e  number of sunspots. The 1958 solar 
a c t i v i t y  maximum corresponded t o  the m i n i m u m  of t he  decameter bursts. During 
1961-1964, however, t h e  frequency of occurrence of bursts again decreased 44Q
d i s t i n c t l y  ( R e f  44.1), i.e ., a pos i t i ve  co r re l a t ion  occurred. Douglas estab
l ished an increase i n  the  frequency of occurrence of bursts on t h e  days follow
ing s o l a r  f l a r e s ,  but t h e  s t a t i s t i c a l  e f f ec t  was  r e l a t i v e l y  i n d i s t i n c t .  Warwick, 
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Fig.181 Longitude Distr ibut ion (System 111) of t h e  Frequency 
of Occurrence (a) and Mean Power ( b )  of Bursts (Ref.542). 

u t i l i z i n g  on ly  days on which Jup i t e r  w a s  observed a t  frequencies above 30 mc, 
established a consistent increase i n  the  frequency of occurrence of b u r s t s  with
i n  1- 2 days following s o l a r  disturbances (Ref .556). T h i s  t i m e  l a g  corresponds 
t o  the  transit time of t h e  agent from the sun a t  a veloci ty  of - l@ km sec-' 

It may be t h a t  this agent i s  represented by 
f luxes of high-energy protons t h a t  a r i s e  
during chromosphere f l a r e s .  The ordinary 
geoactive corpuscular f luxes propagate a t  
t h e  veloci ty  of - lo3 km - sec-' . If one 
and t h e  same flux perturbs both the  t e r 
r e s t r i a l  and the  Jovian magnetospheres, then 
the  l a g  must be about one week. Carr, 
Smith, and Bollhagen found t h a t  this rela
t ionship indeed takes place ( R e f  4 5 7 ) .  

Franklin and Burke (Ref .558) discovered 
Fig.182 Dependence of I n t e g r a l  c i r c u l a r  po la r i za t ion  of t h e  emission of 
Power of B u r s t s  on Etnission decameter bursts. The degree of polariza-
Frequency and Longltude t i o n  i n  some cases reached 100%. Direct 

( R e f  .541) . 	 ro t a t ion  predominated ( i f  viewed i n  t h e  di
r ec t ion  of propagation). Carr e t  a l .  
(Ref.555) a l so  found, a t  t h e  22-mc frequency, 

t h a t  decameter emission i s  polarized c i r cu la r ly  or e l l i p t i c a l l y .  Gardner and 
Shain (Ref.549) obtained t h e  same result a t  t h e  19.6-mc frequency. The assump
t i o n  that t h e  r o t a t i o n  i s  of t h e  d i r e c t  type i s  based on observations i n  t h e  
Northern and Southern Hemispheres, which means t h a t  t h e  observed polar izat ion 
i s  not associated with t h e  t e r r e s t r i a l  ionosphere. Barrow (Ref.559) found that 
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Fig.183 Correlation of t he  
Frequency of Occurrence of 
Decameter Bursts with t h e  
Period of Revolution of I o  
during 1961-1963 (Ref .554). 
The Joviocentric longitude 
of Io, reckoned from the  
pos i t i on  of s rpe r io r  geo
centr ic  conjunction, and 
t h e  m a t  hematical product 
of t he  t o t a l  power of t h e  
bursts and t h e i r  duration 
during each lo-minute 
i n t e r v a l  a r e  p lo t t ed  along 

t h e  axes. 

at 18.3 mc t h e  proportion of bursts  with r ight-
handed po la r i za t ion  i s  smaller than a t  2.4 mc. 
S h e r r i l l  and Castler (Ref  .560), with t h e  a i d  of 
an adjustable  receiver,  discovered t h a t  within 
t h e  1.5 t o  a-mc range t h e  proportion of bursts 
with right-handed po la r i za t ion  decreases with 
increasing frequency. Dowden ( R e f  .561), from 
observations a t  t h e  10-mc frequency, found t h a t  
bursts with r ight- and left-handed po la r i za t ion  
are i r r e g u l a r l y  d i s t r ibu ted  longitudinally 
(fig.3-84) 

It i s  we l l  known t h a t  t h e  f l u x  of radio 
emission from cosmic sources undergoes variations 
owing t o  densi ty  f luc tua t ions  of t he  ionosphere. 
T h i s  phenomenon i s  analogous t o  the twinkling of 
stars due t o  densi ty  f luctuat ions of t he  tropo
sphere. A s  t h e  frequency decreases, t he  f l i c k e r  
of radio sources increases.  Near the  20-mc f r e 
quency it may reach 100%. The smaller t he  angular 
dimensions of t h e  source t h e  stronger w i l l  be 
t h e  f l i c k e r .  T h i s  natural ly  raised t h e  question 
whether t h e  f i n e  s t ruc tu re  of Jupi ter ' s  decameter 
bursts may not be e n t i r e l y  or largely conditioned 
by this f l i c k e r .  

To ve r i fy  this, Gardner and Shain (Ref.549) 
carr ied out simultaneous observations of deca
meter-wave bursts with radiotelescopes spaced 
25 km apart .  The time dependence of t he  i n t e n s i t y  
as established f o r  t h e  two instruments, differed 

great ly .  E l l i s  and McCullough, as we l l  as McCullough and Slee [ c f .  (Ref.541)1, 
carr ied out s imilar  observations with bases of 150 and 10,000 m, while Douglas
and W t h  (Ref.562) used a base ranging from 15 t o  100 km. It w a s  found t h a t ,  
a t  different  times, widely varying degrees of co r re l a t ion  apply. Sometimes, 

Fig .l$4 Longitudinal Distr ibut ion of Bursts with Right-Handed 
(Solid Wne) and Left-Handed (Broken L n e )  Polar izat ion 


a t  t h e  10-mc Frequency (Ref .560). 

Number of bursts,  along ordinate.  
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g r o q s  of bursts are observed a t  one s t a t i o n  but not a t  t h e  other, even i f  L442 
i t s  base reaches 150 m. A t  other times, a t  s u f f i c i e n t l y  long bases, complete 
correspondence i s  observed even f o r  bursts  shorter  than sec. Slee and 
Higgins (Ref .563), using a n  interferometer with phase shift and a base of 30 km, 
o f t en  obtained completely sa t i s f ac to ry  t r a c e s  of t h e  decameter emlssion of 
Jupi ter .  Thus, t h e  ionosphere does not i n t e r f e r e  with observations a t  high 
angular resolution. Such observations ind ica t e  t h a t  t h e  upper limit of t h e  
diameter of t h e  source i s  19". The general  conclusion drawn from observations 
of Jupi ter ' s  decameter emission by means of spaced s t a t i o n s  i s  as follows: The 
emission ac tua l ly  takes t h e  form of bursts with a duration of a t  least sec 
and longer, but during i t s  passage across t h e  earth 's  ionosphere it i s  some
times strongly modulated by t h e  inhomogeneities of t h e  la t ter .  

The question of t h e  o r i g i n  of decameter bursts has not been conclusively 
s e t t l e d .  Originally,  it w a s  assumed t h a t  these bu r s t s  represent t h e  radio emis
s ion  of thunderstorm discharges similar t o  t e r r e s t r i a l  l ightnings (Ref.564). 
The attendant d i r e c t i v i t y  was  a t t r i bu ted  t o  t h e  i n t e r n a l  bouncing of radio waves 
off Jupi ter ' s  ionosphere (Ref .54.0). If t h e  c r i t i c a l  frequency of t he  ionosphere 
equals vo, then t h e  ionosphere emits within a cone directed toward the  zenith, 
with a vertex half-angle CY determined from t h e  formula 

c o s u  = 5 ,  ( 5  -70) 

where v i s  t h e  emission frequency. Since bursts  a t  frequencies as low as 5 mc 
are observed, it follows t h a t  vo < 5 mc and t h a t  t h e  electron densi ty  i n  the  
ionosphere ne < 3 x lo5 cmm3. Observations i n  f a c t  point  t o  an increase i n  CY 
with increasing v, but t h e  r a t e  of this increase i s  less great than implied by 
eq.(5.70). 

The decisive objection t o  this w a s  ra ised by V.V.Zheleznyakov (Ref.7, 565):
The band width of t h e  individual  bursts  (Av /v  = 5 x lo-") i s  much l e s s  than t h e  
band emitted by thunderstorm discharges ( A w / w  = 1). Moreover, t he  exact coinci
dence of t h e  period of i n t e n s i t y  f luctuat ions of decimeter and decameter emis
s ion  means t h a t  t h e  pos i t i on  of t he  decameter sources i s  closely associated with 
t h e  magnetic f i e l d  r a the r  t han  with t h e  cloud layer of t h e  planet as might be 
expected i n  t h e  case of thunderstorm discharges. 

The small r e l a t i v e  width of t h e  burst spectrum suggests t h a t  t h e  emission 
i s  generated by co l l ec t ive  e f f e c t s  i n  plasma. V.V.Zheleznyakov suggested t h a t  
decameter bursts are generated by plasma osc i l l a t ions  i n  t h e  Jovian ionosphere. 
I n  t h e  presence of l o c a l  disturbances i n  t h e  quasi-neutrality of plasma, re
covery i s  accompanied by t h e  occurrence of na tu ra l  plasma osc i l l a t ions  a t  f re
quencies close t o  t h e  kngmuir frequency f!Ud 

Plasma osc i l l a t ions  are longitudinal,  but under c e r t a i n  conditions t h e  trans
verse component arises along with transformation t o  electromagnetic radiation, 
whose frequencies are close t o  wL. To cause emission a t  t h e  20-mc frequency i n  
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t h e  ionosphere, a n  e l ec t ron  densi ty  of n, = lo7 i s  required. A s  was shown i n  
Section 5.6, values of ne close t o  t h e  above may indeed occur i f  t h e  e f f ec t ive  
recombination f a c t o r  i s  determined by radiative recombination. 

If w exactly equals wL, then t h e  r e f r a c t i v e  index of t h e  plasma i s  zero. 
Hence escape of r ad ia t ion  from t h e  region of generation i s  possible  only a t  fre
quencies other than wL . T h i s  contradiction i s  resolved when considering t h a t  a 
spectrum of f i n i t e  width i s  ac tua l ly  generated. The transformation of plasma 
waves i n t o  electromagnetic waves and t h e i r  propagation beyond t h e  confines of 
t h e  generation region are possible  only within a l imited range of angles, which 
accounts f o r  t h e  d i r e c t i v i t y  within t h e  above hypothesis. 

I n  a magnetic f i e l d ,  plasma waves a r i s e  not only a t  t h e  frequencies w = wL 
but  a l s o  near t h e  gyro frequency 

Such a p o s s i b i l i t y  was analyzed by Zheleznyakov ( R e f  .7), Warwick (Ref  .566), 
and E l l i s  (Ref.541). In this case, a burst at t h e  frequency wH arises a t  t h e  
point  where 

tncaII z-. 

Since sporadic emission i s  observed roughly within t h e  l imi t s  from 5 t o  
35 mc, the f i e l d  s t r eng th  i n  t h e  ionosphere i s  2 - 12 gauss. To have an emis
s i o n  of a frequency v 2 5 mc escape from the  ionosphere, a s u f f i c i e n t l y  low 
Iangmuir frequency wL i s  required, which gives ne I 3 x lo5.  When wL < wH, t h e  
exc i t a t ion  of plasma waves occurs within a narrow frequency range, s o  t h a t  t h e  
l imited width of t h e  frequency spectrum of individual  bursts i n  this case f inds  
a more na tu ra l  explanation. 

The reason f o r  t h e  l imited extent of t h e  sources i n  terms of longitude
l ies  i n  the  f a c t  t h a t  t he  magnetic f i e l d  varies with longitude owing t o  a A44 
shift i n  t h e  equivalent dipole with respect t o  t h e  planetary center o r  owing t o  
deviat ion of t h e  f i e l d  from an i d e a l  dipole  f ield.  

The highest frequencies must be generated i n  t h e  region where H reaches i t s  
maxi". In v i e w  of t h e  d i r e c t i v i t y  of emission during t h e  approach of t h a t  
region t o  t h e  c e n t r a l  meridian, t h e  frequency d r i f t  must increase i n  t h e  direc
t i o n  of higher frequencies and subsequently, following t r a n s i t  across t h e  merid
ian,  i n  the  opposite direct ion,  which i s  i n  agreement with a c t u a l  observations. 

I n  a magnetic f i e l d ,  plasma becomes birefr ingent  and waves of two types 
arise: ordinary and extraordinary waves, c i r c u l a r l y  polarized i n  opposite 
direct ion.  

Zheleznyakov showed t h a t  t he  d i r e c t i v i t y  may be explained by assuming that 
the  plasma waves are ch ie f ly  converted t o  extraordinary waves. T h i s  a l s o  logi
c a l l y  accounts f o r  t h e  dominant p a t t e r n  of polar izat ion.  
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The mechanism of exc i t a t ion  of hsma waves i s  obscure. The following two 
p o s s i b i l i t i e s  have been mentioned: a7 shock waves (Ref.7, 565), which may propa
gate upward during atmospheric eruptions; b) e l ec t ron  fluxes from t h e  r ad ia t ion  
belts (Ref 4.1, 566). T h i s  l og ica l ly  suggests that decameter bursts might be 
d i r e c t l y  a t t r i bu ted  t o  t h e  cyclotron r ad ia t ion  of fast electrons.  If t h e  f ie ld  
s t rength near t h e  planetary surface i s  close t o  10 gauss, then synchrotron radia
t i o n  of electrons with an energy of several megavolts i n  t h e  radiat ion belts 
w i l l  be observed i n  t h e  decimeter range, whereas cyclotron r ad ia t ion  of e lectrons 
with lower energies (10 - 100 kev) w i l l  occur i n  t h e  decameter range. T h i s  does 
not explain why t h e  decameter emission i s  of sporadic character. Moreover, 
s ince t h e  generation of radio waves i s  no longer d i r e c t l y  associated with t h e  
ionosphere, emission w i l l  a l s o  t ake  place a t  considerable distances from t h e  
surface. I n  this case, emission at various frequencies arises a t  various a l t i 
tudes and t h e  frequency d r i f t  i s  ruled by t h e  movement of e lectron clouds along 
t h e  l i n e s  of force.  To account f o r  t h e  d i r ec t iv i ty ,  it must be assumed t h a t  t h e  

r a t i o  -% is  not very low even a t  great  distances from t h e  surface. For 
WH 

example, f o r  an i n t e r p r e t a t i o n  of t h e  bursts a t  5 mc, within the  frame of this 
hypothesis, i t  i s  necessary t h a t  n, = lo3 cm-' a t  a distance of lo5 km. 

The phenomenon most d i f f i c u l t  t o  i n t e r p r e t  i s  t h e  relat ionship between t h e  
decameter radio emission of Jup i t e r  and t h e  ro t a t ion  of Io. Not one of t h e  
theo r i e s  known t o  us can adequately account for t h e  increase i n  the  frequency of 
bursts a t  t h e  t i m e  of ma.xi" elongation of Io.  There natural ly  arises t h e  && 
suspicion t h a t  t h e  sources of decameter emission are located, a t  l e a s t  i n  pa r t ,  
a t  a considerable distance from t h e  planet .  Note that t h e  Jovian magnetosphere 
may extend over s eve ra l  t ens  of planetary r a d i i  even i n  t h e  presence of moderate 
f i e l d  i n t e n s i t i e s  a t  t h e  surface ( H  = 10 gauss). T h i s  i s  implied by a compari
son of t h e  energy densi ty  of t h e  magnetic f i e l d  at t h e  periphery and t h e  energy 
densi ty  of t h e  s o l a r  wind (Ref .567). The in t e rac t ion  between Io and electrons 
with nea r - r e l a t iv i s t i c  energies cannot cause perturbations,  s ince the  veloci ty  
of Io  i s  too  low. Apparently, t h e  low-temperature plasma i n  the  Jovian exosphere 
retains an appreciable densi ty  over extremely great  distances,  encompassing t h e  
o r b i t  of Io (&2!0,000 km) . 

Landovitz and Marshall (Ref .568) mentioned t h a t  t h e  decameter emission of 
Jup i t e r  may be generated by induced s p i n  t r a n s i t i o n s  of electrons i n  a magnetic 
f i e l d .  The equilibrium d i s t r i b u t i o n  of spins i n  a s t a t i c  magnetic f i e l d  i s  up
set by t h e  i n f l u x  of s o l a r  corpuscles i n t o  t h e  magnetosphere, r e su l t i ng  i n  a 
negative coeff ic ient  of absorption and generation. Etnission i s  generated a t  t h e  
gyro frequency. 

An o r i g i n a l  idea w a s  propcsed by t h e  Stroms (Ref .569): They suggested t h a t  
t h e  decameter bursts cons t i t u t e  an e f f ec t  of focusing of t h e  emission of d i s t a n t  
cosmic sources by t h e  ionosphere of Jupi ter ,  but t h e  basic  propert ies  of deca
meter bursts - t h e i r  d i r e c t i v i t y ,  per iodici ty ,  f i n e  s t ructure ,  narrowness of 
band, and po la r i za t ion  - are not covered by this hypothesis. Thus, t he re  i s  no 
reason t o  ser iously consider it. 

I n  conclusion, a f e w  words should be sa id  on radar soundings of Jupi ter .  
The team directed by V.A.Koteltnikov (Ref .570) carr ied out such soundings of 
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Jupiter i n  1963 a t  h 43 cm. A pos i t i ve  r e s u l t  was obtained: The r e f l e c t i o n  
f a c t o r  of Jup i t e r  a t  this wavelength i s  a t  l e a s t  10%. Goldstein (Ref.571) a l s o  
was successful  i n  receiving radar  signatures from Jup i t e r  a t  h 12.5 cm a t  t h e  
California I n s t i t u t e  of Technology. The dimensions of t h e  e f f ec t ive  r e f l ec t ing  
region, according t o  another author (Ref .570), are approximately 10,000 ka, 
which ind ica t e s  a considerable surface smoothness of t h e  planet .  

However, a recent attempt t o  de t ec t  radar  s igna l s  bounced off Jupiter, 
ca r r i ed  out a t  t h e  worldfs  l a rges t  radar i n s t a l l a t i o n  i n  Arecibo i n  Puerto Rico 
(a t  h 70 cm), gave a negative result ( R e f  .572). The upper l i m i t  of t h e  reflec
t i o n  f a c t o r  f o r  Jupiter was found t o  be roughly two orders of magnitude lower 
than  t h e  r e f l e c t i o n  f a c t o r s  derived by Kotelfnikov and Goldstein. 

Section 5.9 Saturn 

The semimajor axis of Sa tu rn f s  o r b i t  i s  9.5 a.u. The s o l a r  heat received 
by this planet  i s  two orders of magnitude l e s s  t han  that received by t h e  ear th .  
Its o r b i t  has considerable eccen t r i c i ty  (0.056), i t s  s i d e r e a l  period of ro t a t ion  
i s  29.5 years, and i t s  synodic period 378 days. According t o  h b e f s  survey 
(Ref.412) t h e  equa to r i a l  diameter of this planet  i s  Re = 60,300 f 250 km, i.e.,  
9.5 times l a rge r  t han  t h a t  of t h e  ear th .  The compression i s  r a the r  consider
able,  E = 0.094, which i s  more than t h a t  of a l l  t h e  other p l ane t s .  The com
pression derived from d i r e c t  measurements of angular diameter v i r t u a l l y  coin
cides with t h a t  derived from t h e  motion of t h e  s a t e l l i t e s .  According t o  other 
authors (Ref .77), t h e  mass of Saturn i s  

M-? = 95.5111, = 5.7x102’p,3533 

and i ts  mean densi ty  is  = 0.7, which i s  half t h a t  of Jupiter. It i s  assumed 
t h a t  t h e  equa to r i a l  plane of Saturn coincides with t h e  plane of i t s  rings.  The 
i n c l i n a t i o n  of t he  equator t o  t h e  e c l i p t i c  i s  2 6 O & ’ ,  which i s  much greater  than 
f o r  Jupi ter  and even somewhat higher than f o r  t h e  e a r t h  and Mars. The accelera
t i o n  due t o  gravi ty  ( t o t a l ,  including cen t r i fuga l )  on t h e  equator i s  known t o  
be 954 cm sec-2. 

I n  t h e  p a t t e r n  of t h e  markings visible on i t s  d i sk  (Fig.185), Saturn re
sembles Jupiter (dark b e l t s  and bright zones), but t h e  contrast  between t h e  
belts and zones i s  much less. I n  general, t h e  number of observable small 
mottlings and f i n e  markings i s  considerably lower. The nomenclature of t h e  belts 
and zones i s  t h e  same as t h a t  applied t o  Jupiterfs belts and zones. The period 
of r o t a t i o n  a t  the  equator i s  1OhZm.5.  The temperate and t r o p i c a l  l a t i t udes  
r o t a t e  a t  an appreciably slower r a t e .  The information on t h e  movement of t h e  
br ight  and dark spots i s  much less extensive than i n  t h e  case of Jupi ter .  

A review of t h e  pe r t inen t  f indings i s  contained i n  t h e  paper by Cragg 
(Ref.573). Moore (Ref .574) made spectroscopic determinations of t h e  r o t a t i o n a l  
ve loc i ty  a t  l a t i t u d e s  0, *27, 4+.2, and & 5 7 O  according t o  t h e  Doppler i nc l ina t ion  
of t h e  l i n e s .  Figure 186 presents  t h e  l a t i t u d e  dependence of t h e  r o t a t i o n a l  
period according t o  spectroscopic observations and r o t a t i o n  of t h e  markings 
(Ref .573). A t  l a t i t u d e  50°, t h e  r o t a t i o n a l  period i s  approximately 10h40n. 
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Recently, this finding w a s  confirmed by DoUfus (Ref.575). 

Spectra of Saturn with l o w  and medium dispers ion i n  the  visible and photo
graphic inf ra red  regions w e r e  studied by Slipher (Ref.436, 437); see Fig.Ik8. 
The iden t i f i ed  bands a re  given i n  Table 72. The CH, bands i n  Saturn's spectrum 
are roughly twice as strong as i n  J u p i t e r f s ;  NH, bands are absent. Dunham 
found NH, l i nes  on high-dispersion spectrograms of Saturn (Ref .1U)but Kuiperts 
survey (Ref.4) specif ied only t h e  upper l i m i t  of equivalent path of NH, L442
(2.5 m a t m ) .  The equivalent path of CH,, according t o  Kuiper, i s  350 m atm. 

1933,Aug. 31 1 9 3 3 , S e p t . 9  

1934,Sept .  18 1936,  J u l y 2 9  

1937,Oc t .  1 1 9 4 0 , 0 c t . 1 7  

Fig. 185 Saturn. 

Hess (Ref .462) invest igated var ia t ions i n  t h e  band i n t e n s i t i e s  over t h e  
disk of Saturn. He established t h a t  a t  t h e  middle and upper la t i tudes ,  t h e  
equivalent width of t h e  band h 6190 1i s  greater  than  on t h e  equator. 

Iffinch and Spinrad (Ref.576) discovered i n  Saturnfs  spectrum the  l i nes  S(1) 
and S ( 0 )  of t h e  H, band (4-0) (quadrupole radiat ion) .  No quantitative estimates 
of i n t e n s i t y  w e r e  given, but it i s  obvious t h a t  t h e  content of molecular hydrogen 
i n  Saturnfs  atmosphere i s  extremely high. If t h e  r e l a t i v e  chemical composition 
of t h e  atmospheres of Jupiter and Saturn i s  the  same, then t h e  t o t a l  pressure /&
above t h e  cloud layer  a l so  must be s imi la r  f o r  both planets :  i n  t he  case of 
Saturn, t h e  amount of gas i s  la rger  but t h e  gravity,  on t h e  other hand, is 
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Fig.186 Dependence of t he  Rotation Period of 
Saturn on Latitude. 

a - Determined from the  movement of spots;  
b - Determined spectroscopically. The t h i n  
l i nes  i n  the case of a> represent t he  probable 
observational e r ror  and i n  the  case of b) the  
sca t t e r  of the  rates of motion (Ref.573). 

Fig.188 Spectrum of Saturn's Disk (Solid Erie) 
i n  the  Region AA 1.1-1.6 p. Average of Six Traces 

Recorded on Oct .16, 1964. 
S h a h  ref lector ,  d i f f rac t ion  spectrometer, grating 
of 300 rulings/m, slits 2.2 and 2.5 m (100 A), 
recording speed 7.3 a/sec, T = b.4 sec, z = 58-72'; 

dot-dash l i n e  - solar spectrum (Ref 443). 

F'ig.187 Spectra of Jupi ter  (a)  and Saturn (b) i n  the  Region Ah 1.2-5 p According 
t o  Observations i n  1960 (Ref 44.2); c - Solar Spectrum. 

During observations of Saturn, the  l i gh t  from the  rings went outside 
the slit. 
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smaller. Note again ( c f .  Sect .2.6) that a t o t a l  pressure of - 2 a t m  has been 
derived f o r  Jupi te r .  

Kuiper (Ref  .4, 44.0) and t h e  present writer ( R e f  442, 44.3) derived t h e  
spectrum of Saturn i n  t h e  region Ah 1-2.5 p with photoelectr ic  spectrometers 
eqyipped with lead-sulfide photovaristors Averaged t races  are shown i n  
Figs.M7 - 189. A s  i n  t h e  spectrum of Jupiter, here a l so  strong CH, bands were 
ident i f ied .  No strong NH, band was detected at h 1.51 IJ..The upper l i m i t  of 
t he  content of NH, derived from this band ( taking i n t o  account t h e  e f f e c t  of 
chen&cal composition, temperature and pressure) is  50 cm a t m .  The ac tua l  
presence of NH, l ines  i n  Saturncs spectrum s t i l l  needs ver i f ica t ion .  A reasorr
able estimate of t h e  equivalent pa th  of NH,in Saturncs atmosphere would be a 

of deriving t h e  sa tura t ion  temerature.means 
The adiabat ic  gradient i n  Saturncs a imsphere 
( i f  He:H, = 0.36) i s  

whence, i n  accordance with Table 83, t h e  
upper l i m i t  of T S a t  < VcO'K, assuming t h a t  
uNH3< 50 cm a t m .  

P e t t i t  and Nicholson (Ref.125) as well 
as Menzel, Coblentz, and Lampland (Ref .473)
estimated t h e  brightness temperatures i n  t h e  
region hh 8-13 p as 125 and 120'K, re- m 
spectively.  On this basis, it was assumed 
(Ref.307) that t h e  emitt ing agent, as i n  the  
case of Jupiter, i s  NH,. However, current 
measurements give much lower temperatures, 
which do not f i t  this hypothesis. Thus, Low 
(Ref .477) derived TB = 93 f 3'K within t h e  
same wavelength range. I n  another paper 
( R e f  .577), Low gave a d i f fe ren t  value: TB = 
= 85 + 2'K. Murray and Wildey (Ref .474)
specif ied the  upper l i m i t  of T B  as < 105'K. 
The content of NH, above t h e  l e v e l  with a 
temperature lOO'K i s  uNH,< lCr5 cm, w h i l e  it 
i s  T~~~ Q 1i n  t h e  window hh 8-13 p .  Conse
quently, NH, cannot be the  agent responsible
f o r  t h e  emission i n  t h e  i n t e r v a l  hh 8-13 p .  
The above estimates of TB are very close to 

Fig.l.89 Spectrum of Saturnes 

Disk (Solid Line) i n  t h e  

Region hh 0.6-2.5 p .  

Shain re f lec tor ,  s ingle  t r a c e  

prism spectrometer, s l i t  1nun 

(0.09 p near 1.6 p,) ,  T = 

= 4.4 sec, recording speed 

70 u s e c ,  z = 65'. Dot-dash 


l i n e  - so la r  spectrum. 

t h e  melting point  of methane ( W O K )  and, i f  they are correct ,  t h e  thermal radia
t i o n  of Saturn i n  t h e  window Ah 8-13 p i s  most l i k e l y  d i r e c t l y  emitted by a 
cloud layer  consisting of p a r t i c l e s  of so l id  CH,. The saturated vapor pressure
( i n  mb) of methane near t h e  melting point ,  according t o  (Ref  .578), i s  expressed 
by t h e  formula 

'0gP = 
-516 -+ 7.51, 

( 5  072) 
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from which follows t h e  densi ty  ( i n  amagat) /k51 

logp = 9- 2 q T  +6.95, ( 5  073) 

and t h e  sca l e  height f o r  s a tu ra t ion  

as w e l l  as the  amount of CH, above a l e v e l  with a given temperature 

70 28 4 . 1  55 

80 24 5.5 350 The hypothesis of a methane cloud layer 

90 231) 6.8 2 720 


100 4G0 8.4 1U400 completely precludes t h e  presence of any tangible 
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i s  close t o  t h e  brightness temperature i n  t h e  region hh 8-13 p and t o  the  
sa tu ra t ion  temperature. Note again t h a t ,  i n  t h e  case of Jupiter,  these tem
peratures  g r e a t l y  exceed t h e  equilibrium temperature. 

The radio emission of Saturn has been observed by several  authors within 
t h e  range of 1.5 - 21 cm. The findings are presented i n  Table 92. 

TEMPERATURES OF SATURN 
. -

Method 
-I -_ 

T ,"IC I Refe rences  
. . - ~

' 12.5 and Nicholson -(Ref .  125)
R r i g h t n e s s  t empera tu re  120 and Lampland
i n  t h e  r e g i o n h h 8 - 1 3 p  , 

952 
9 3 z 3  

._ _  . ~ .  100 u r r a y ~q d  " ' i ldey (Ref .  474)
~ 

S a t u r a t i o n  t empera tu re  I I 

Equ i 1ibrium temp e r a  tu r e  I u 

B r i g h t n e s s  r a d i o  
temperature.  A 1.53 UTI ILF+23 Welch and Thornton (Ref .332)  

3 .45  IOii*t21 ICaok e t  a l .  (Re f .579)  
~ - . 

~ 

B r i g h t n e s s  r a d i o  
t empera tu re  A 6 un 217 f 30 Kellerman (Ref .  411)

9.4 213 ;1: O * *  Rose e t  e l .  (Ref .581)  

10 Drake ( P e f .  580)
11.3 is2 i I 8 * * * *  Davies e t  a l .  (Ref .  582)
2: 1 303 50 Kellerman (Ref .  411) 

++ The contribution of emission by the  r ings i s  everywhere 
assumed as negligibly s m a l l .  

%+ Elec t r i c  vector oriented at  r i g h t  angles t o  t h e  equator._ - _:::::+ Elec t r i c  vector oriented p a r a l l e l  t o  t h e  equator.
>,>,>,-,< 

I\ 6' Polar izat ion < 6%. 

A t  every wavelength except h 3 cm t h e  brightness radio temperature ex
ceeds t h e  infrared temperature. Conflicting r e s u l t s  exist with respect t o  
polar izat ion.  Thus, whereas Rose, Bologna, and Sloanaker (Ref 481) found a 
strong l i n e a r  po la r i za t ion  of p = 20 + 8%at  h 9.4 cm, Davies, Beard, and 
Cooper (Ref.582) found no such po la r i za t ion  a t  h 11.3 and only estimated t h e  
upper l i m i t  of t h e  degree of po la r i za t ion  as p < 6%. T h i s  requires f u r t h e r  ob
servations.  If it turns  out that po la r i za t ion  does exist, this w i l l  most l i k e l y  
mean t h a t ,  l i k e  Jupiter, Saturn has a strong magnetic f ie ld  as w e l l  as r ad ia t ion  
be l t s .  Note, however, t h a t  t h e  brightness temperature of Saturn increases with 
wavelength a t  a much slower rate than  that of Jup i t e r .  T h i s  suggests t h a t  t h e  
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observed spectrum may be a t t r i bu ted  t o  a greenhouse e f f e c t  r a t h e r  t han  t o  non
thermal radiat ion.  The r e s u l t s  by Rose e t  al .  (Ref.581) who detected t h e  
presence of po la r i za t ion  include t h e  highly odd finding t h a t  t h e  e l e c t r i c  vector 
i s  oriented a t  r i g h t  angles t o  Saturn's equator. However, t he re  exists t h e  
opinion t h a t  t h e  configuration of Saturnts magnetic f i e l d  may have an unusual 
character owing t o  t h e  influence of t h e  r ings (Ref.?). Systematic observations 
of Saturn a t  decameter waves have been conducted t o  detect  sporadic emission. 
A small number of bursts was  recorded, but i n  no case is  t h e  i d e n t i f i c a t i o n  
reliable [cf .  f o r  example ( R e f  .551)1. 

The r i  s of Saturn a r e  among t h e  most amazing objects  i n  t h e  s o l a r  system 
(c f .  F'ig.l83. Three p r i n c i p a l  zones are distinguished i n  t h e  rings:  t h e  outer 
r ing A, t h e  c e n t r a l  r i ng  By and t h e  inner r i n g  C. The r ing  B i s  t h e  br ightest .
T h i s  i s  separated from t h e  outer  r i ng  A by a dark l i n e  or gap known as I lCas

sinits Divisionll (o r  Cassini 's gap) and from t h e  inne r  ring, by "Encke's D i v i 
sion". The r ing  C i s  r e l a t i v e l y  dark and t ranslucent ;  sometimes it i s  termed 
t h e  Cr^epe ring. Its i n t e r n a l  edge i s  blurred. On photographs i n  u l t r a v i o l e t  
l i g h t ,  this r ing  can be seen t o  extend t o  t h e  very l i m b  of t h e  planet .  Finer 
gradations are a l s o  discernible  i n  t h e  r ings.  A l l  observed markings have t h e  
configuration of c i r c l e s  concentric with t h e  planet  disk.  Markings of t h e  dark-
and bright-spot type have never been observed. The ex te rna l  edge of t h e  r ing  
has a radius of l 3 8 , O O O  km and t h e  i n t e r n a l  edge, of 90,000 km. 

Nearly every observer [except Slipher (Ref  .583)1 has found t h a t ,  at  t h e  
moment of t h e  t r a n s i t  of t h e  e a r t h  across t h e  plane of t h e  rings,  they cease t o  
be visible. These observational r e s u l t s  were analyzed by M.S.Bobrov ( R e f .  584.) 
who estimated t h e  upper l i m i t  of thickness of t h e  r ings as d I 20 km. T h i s  cor
responds t o  a n  angular thickness of O".001 s o  t h a t  t h e  v a l i d i t y  of this esti- && 
mate is  d e f i n i t e l y  open t o  doubt. It seems l i k e l y  t h a t  t h e  r ing  thickness does 
not exceed 100 km. The translucence of t h e  r ings was  estimated from observa
t i o n s  of s ta r  occultations as we l l  as from v i s i b i l i t y  of t h e  disk through t h e  
r ing (Ref.585). A r e d e w  and analysis of these observations are given i n  
s tudies  by M.S.Bobrov ( R e f  .586-588). The transrlri-ttance t of t h e  r ings A and C 
i s  0.55 - 0.60 and 0.93, respectively.  For t h e  r ing  By only t h e  upper limit 
(t = 0.5) can be derived from t h e  observations. 

Being semitranslucent, t h e  r ings of Saturn obviously cannot be s o l i d  and 
must consis t  of d i s c r e t e  p a r t i c l e s .  Maxwell (Ref  .589) and Kovalevskaya 
( R e f  .590) demonstrated this on t h e  basis of considerations of dynamics. Had t h e  
r ings been rotat ing as a sol id ,  t h e i r  angular veloci ty  would be constant and 
t h e i r  l i n e a r  ve loc i ty  v-R. A t  Keplerian motion, we have 

1 

v o , R - T .  ( 5  -76) 

Belopoltskiy (Ref  4 9 1 )  and other authors, based on s p e c t r a l  observations (accord
ing t o  t h e  Doppler shift), demonstrated t h a t  t h e  l a w  (5.76) i s  obeyed. Maxwell 
found that s t a b i l i t y  of' t h e  r ings requires s a t i s f a c t i o n  of t h e  following sta
b i l i t y  c r i t e r i o n  by t h e  number N of p a r t i c l e s  moving along an o r b i t  of a given 
radius : 

niN3 

-,I < 2 ' 3 7  (5.77) 
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where m i s  the  p a r t i c l e  mass and M is  t h e  m a s s  of Saturn. DoUfus (Ref  .592) 
assumed t h a t  t h e  p a r t i c l e  o r b i t s  must l i e  i n  a s ing le  plane. If this were not 
so, t he  p a r t i c l e  o r b i t s  would have t o  be inclined t o  t h e  c e n t r a l  plane a t  vari
ous angles and, a t  t h e  t i m e  of transit across this plane, t h e  p a r t i c l e s  would 
co l l i de  a t  a higher frequency. Owing t o  energy diss ipat ion,  t h e  v e r t i c a l  ve
l o c i t y  coqonent and t h e  inc l ina t ion  must diminish i n  time. However, this 
contradicts  [cf. (Ref .587)1 t h e  s t a b i l i t y  c r i t e r i o n  (5.69), a t  least f o r  t h e  
r ings A and B. I n  f a c t ,  a t  t = 0.5, t h e  distance 1 between p a r t i c l e s  of a plane 
layer  m u s t  be close t o  t h e  mean p a r t i c l e  radius r( 1 = r f i )  s o  that, f o r  p a r t i c l e s  
moving along a c i r c u l a r  o r b i t  of radius R, we have 

2nR = IN = rN l/n. (5.78) 

From this, we derive 

i f  t h e  p a r t i c l e  densi ty  i s  6 2 1. Thus, p a r t i c l e s  of t h e  r ing  cannot be aligned 
i n  a s ingle  layer.  I n  t h e  process of f la t tening,  t h e  p a r t i c l e s  lose t h e i r  

0600 


0500 


a 
a I 
a 

Fig.190 Phase Curve of Ring B of 
Saturn. 

a - Hertzsprungfs observations 
(Ref .593); b - Scxhbergfs.  obser
vations ( R e f  .5?4) ; c - Iebedinets 
observations (Ref .595) . Solid 
l i n e  	- t h e o r e t i c a l  curve by 

Schsnberg (Ref .598). 

h b e d i n e t s  (Ref ,427). 

/&5
dynamic s t a b i l i t y .  Condition (5.77) im
p l i e s  t h a t  

r I-<3'
1 

A t  a considerable separation, t he  
brightness of t h e  r ings A and B nearly 
equals t h e  brightness a t  t h e  center of t he  
disk a t  t he  moment of opposition. How
ever, with increasing dis tance from oppo
s i t i o n ,  t h e  brightness of t h e  riqg de-

creases rapidly.  The &m phase angle 
of Saturn i s  cpm = 6' .5, and during that 
time the  brightness of t h e  r ings i s  Om..!+ 
smaller than a t  opposition when cp = 0. 
The va r i a t ion  i n  brightness of t h e  disk 
over t h e  same range of phase angles i s  
roughly one order of magnitude smaller 
(Ref .66). A phase curve of t h e  r ing  B of 
Saturn i s  shown i n  Fig.190. A de t a i l ed  
r e v i e w  of photometric s tud ie s  of Saturn's 
r ings can be found i n  t h e  work by V.N. 

SchEnberg (Ref .597) detected weak secondary maxima on the  phase curve. He 
interpreted these as secondary "a of t h e  sca t t e r ing  i n d i c a t r i x  of individual  
p a r t i c l e s ,  and on this basis estimated t h e  mean s i z e  of t h e  l a t te r  as - 4 p.  
The r e a l i t y  of secondary maxima on the  phase curve i s  open t o  doubt, and t h e r e  
a l s o  exk t  other reasons why Schgnbergfs theory seems unsatisfactory.  I n  f a c t ,  
i f  t h e  l aye r  transparency i s  approxima.tely 0.5 and sca t t e r ing  occurs on micron
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s i z e  p a r t i c l e s ,  t h e  contribution of higher-order s ca t t e r ing  t o  the  observed 
brightness should be very substant ia l .  The f ine-s t ructure  e f f e c t s  of t h e  
pos t e r io r  lobe of t h e  individual  s ca t t e r ing  ind5catri.x can then hardly be iso
la ted,  and t h a t  only i f  t h e  p a r t i c l e  albedo i s  not t o o  low ( t h e  pos t e r io r  lobe 

i s  generally very weak a t  high values of F).When t h e  p a r t i c l e  albedo i s  /k56 
low, no explanation can be found f o r  t h e  high brightness coeff ic ient  which i s  
cha rac t e r i s t i c  of t h e  r ings at  opposition (roughly equal t o  Saturncs geometric 
albedo, i.e., approximately 0.5). 

The phase curve of Moon, Mercury, and Mars a l s o  exhibi ts  a peak near cp = 
= Oo, which qua l i t a t ive ly  resembles t h a t  shown i n  Fig.190, but t h e  phase coeffi
c ient  near cp = 0 i s  much smaller [ fo r  t h e  moon, 0.03m/deg according t o  (Ref .66),
whereas Fig.190 spec i f i e s  approximately lm/degl.  ThLs l og ica l ly  gives r i s e  t o  
t h e  assumption t h a t  t h e  r ings of Saturn l a rge ly  consis t  of large bodies. Pro
ceeding from this assumption, Zeeliger [cf .  (Ref .598)] p lo t t ed  a phase curve of 
t h e  r ings on t h e  basis of l a w s  of geometric opt ics .  The sharp increase i n  
brightness f o r  cp = 0 i s  qua l i t a t ive ly  a t t r i b u t e d  by Zeeliger's theory t o  t h e  
circumstance t h a t  each individual  p a r t i c l e  covers i t s  own shadow a t  t h a t  phase. 
To simplify his calculations,  Zeeliger disregarded t h e  f i n i t e  angular dimensions 
of t h e  sun. M.S.Bobrov (Ref.599) showed t h a t  such an approximation i s  much too 
rough and refined t h e  shadow theory t o  take i n t o  account t h e  f i n i t e  angular 
dimensions of t h e  sun (Ref .586, 596, 600, 601). A l l  p a r t i c l e s  were assumed t o  
be spherical ,  uniform i n  s ize ,  and uniformly d i s t r ibu ted  throughout t h e  volume 
of t h e  ring. From a comparison of theory with observations, it was  found pos
s ible  t o  estimate t h e  volume concentration of t h e  r i n g  p a r t i c l e s  

(5 .79)  

where N i s  t h e  t o t a l  number of p a r t i c l e s  i n  a r ing  and V i s  t h e  volume, as w e l l  
as t h e  maximum p a r t i c l e  s i z e  r 2 1m and t h e  t o t a l  mass of t h e  r ing system M, = 
= l o7  M t  . In Bobrovfs paper ( ~ e f . 6 0 2 ) ~t h e  shadow theory i s  extended t o  t h e  
case of p a r t i c l e s  with d i f f e ren t  s i zes .  It i s  assmed t h a t  t h e  d i s t r i b u t i o n  of 
p a r t i c l e  s i z e s  obeys t h e  l a w  of dn = const r -mdr.  Bobrov (Ref .602) a l so  showed 
t h a t  agreement with observations can be achieved only a t  m < 3, thus indicat ing 
t h a t  t h e  values of D and M, should be d e f i n i t e l y  increased, although by not more 
than one order o f  magnitude. 

If multiple s ca t t e r ing  is  disregarded, i t  can be assumed t h a t  t h e  geometric 
albedo of t h e  bodies const i tut ing t h e  r ings equals t h e  geometric albedo of 
Saturn. If backscattering predominates, as i s  t h e  case f o r  t h e  moon, this as
sumption i s  not too t en ta t ive .  Supposing a phase i n t e g r a l  of 0.6, which i s  
cha rac t e r i s t i c  of bodies of this type (Moon, Mercury), we obtain a spherical  
albedo of 0.30. If, on t h e  other hand, forward sca t t e r ing  g rea t ly  exceeds back-
sca t t e r ing  and, i n  general, i f  t h e  multiple s ca t t e r ing  i s  extensive, then t h e  
spherical  albedo of p a r t i c l e s  (albedo of a d i s c r e t e  s ca t t e r ing  event) can be 
estimated from eq.(l.lO3) which then wi l l  be extremely high: 0.9 < A < 1. m 
Below, we W i l l  demonstrate t h a t  spectroscopic da t a  speak i n  favor of Kgh  values 
of t h e  albedo. Hence we a r e  faced here with a contradiction: The phase c m e  
ind ica t e s  t h e  existence of large bodies and negl igible  multiple scat ter ing,  but 
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t h i s  implies too low a sphe r i ca l  albedo. 

The spectra  of Saturn's r ings have been investigated i n  t h e  v i s i b l e  region
by G.A.Shain (Ref.603). He found. that t h e  r e f l e c t i v i t y  of t he  r ings i s  vir tual
l y  independent of t h e  wavelength. A comparison of Figs.187 and 188 c l e a r l y  
shows t h a t  t h e  e n t i r e  r ad ia t ion  i n  t h e  region h > 1.6 p of spectra recorded i n  
1960 represents l i g h t  r e f l ec t ed  from the r ings with t h e  disk brightness i n  that 
region being zero. The energy d i s t r i b u t i o n  i n  t h e  spectrum of t h e  r ings i n  t h e  
region h > 1.6 p, d i f f e r s  g rea t ly  from the  solar energy d i s t r ibu t ion .  Figure 187 
ind ica t e s  t h a t ,  i n  t h e  transparency window 1.4 - 1.8 p, an i n t e n s i t y  maxi" 
exists near A 1.7 p,, with t h e  i n t e n s i t y  decreasing i n  t h e  d i r ec t ion  of sho r t e r  
wavelengths. I n  t h e  transparency window 2 - 2.5 p,  t h e  maximum i s  displaced i n  
t h e  d i r ec t ion  of longer wavelengths. Thus, t h e  infrared r e f l e c t i o n  spectrum of 
t h e  r ings i s  not neutral .  Earlier, Kuiper (Ref.4) had observed t h e  spectrum of 

Saturnls r ings with a lower resolut ion kk- = 9 )  and had a l so  noticed t h a t  t h e  

maxi" i n  t h e  transparency window i s  displaced i n  t h e  d i r ec t ion  of longer wave
lengths. The absorption spectrum of i c e  as w e l l  as t h e  r e f l e c t i o n  spectrum of 
i ce ,  snow, and hoarfrost  contain cha rac t e r i s t i c  wide bands at Ah 1.5 and 2.0 p 
displaced i n  the d i r ec t ion  of longer wavelengths with respect t o  bands of water 
vapor. Kuiper suggested t h a t  t h e  reason f o r  t h e  s p e c i a l  features  of t h e  infra
red spectrum of Saturn's r ings l i e s  i n  t h e  f a c t  that t h e  p a r t i c l e s  const i tut ing
these r ings e i t h e r  are i c e  p a r t i c l e s  or are coated with a layer  of i ce ,  f r o s t ,  
or snow. 

To ve r i fy  this hypothesis, we used our own spectrometer t o  obtain, under 
equal recording conditions, t h e  r e f l e c t i o n  spectrum of snow and f r o s t  (fig.76).  
In t h e  l a t te r  case, i c e  c rys t a l s  a r e  much smaller ( r  < 0.1 nun) and t h e  o p t i c a l  
thickness of t h e  c r y s t a l s  on r e f l e c t i o n  i s  a l s o  less. A comparison of F'igs.187 
and 76 shows t h a t  t h e  d i f f r a c t i o n  spectra  of t h e  r e f l e c t i o n  of Saturnls r ings 
and of i c e  p a r t i c l e s  a r e  i n  good agreement. An e s s e n t i a l  f ac to r  i s  t h a t  t h e  
resolving power i n  our observations w a s  approximately 100 (one order of magni
tude higher than i n  Kuiper's) and t h a t  spectra  of Saturn i n  the  region hh 2-2.5 p 
were recorded f o r  t h e  first time. 

I n  t h e  region hh 1.2-1.3 p, t he  readings a r e  composite pertaining t o  both 
t h e  disk (Id)and t h e  r ings ( I , ) .  It can be seen from Fig.187 t h a t  I, (1.7 p )  
= I, (1.25 p )  + I, (1.25 p), and hence we have I (1.7 p )  > I (1.25 p ) ,  meaning 
t h a t  t h e  r e f l e c t i o n  spectrum of t h e  r ings i s  c lose r  t o  t h e  curve b than t o  t h e  
curve a (Fig.76). Thus, i f  i c e  i n  some of i t s  various 'forms i s  indeed re
sponsible f o r  t h e  p e c u l i a r i t i e s  of t h e  r e f l e c t i o n  spectrum of the  r ings i n  t h e  /4.rs
infrared region, then it i s  most l i k e l y  that  t h i n  c rys t a l s  of f r o s t ,  probably 
coating l a rge r  p a r t i c l e s ,  are involved. These l a rge r  p a r t i c l e s  need not be i c e .  

It can be shown t h a t  p a r t i c l e s  of H$ i c e  may p e r s i s t  f o r  a very long time 
i n  t h e  environs of Saturn. I n  f a c t ,  t h e  evaporation r a t e  i n  vacuum, as i s  known, 
i s  equal t o  
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where P, i s  t h e  saturated vapor pressure ( i n  bars); m i s  t h e  molecule mass; 
T i s  t h e  temperature. A t  s u f f i c i e n t l y  low temperatures f o r  H,O, according t o  
van de H u l s t  (Ref .483), we have 

ZogP, =-T +4hgT $- 4.06. 

dMA t  T = 7O0K, we have dt = gm cm-’ over lo9 years and a t  T = 100°K, 

dM = 1gm cm-” over lo9 years, but t h e  l a t te r  temperature seem too high.d t  

Above, we found an equilibrium temperature of Saturn of T = 80°K on assuming 
that A ,  = 0.50. Moreover, this w a s  based on t h e  premise t h a t ,  i n  t h e  far  infra
red, t h e  emission coeff ic ient  equals unity. For i c e  p a r t i c l e s ,  A, i s  somewhat 
higher so t h a t  t h e  lat ter assumption i s  unconditionally s a t i s f i e d .  Consequent
ly,  t h e i r  temperature must be even lower. 

1 8 - 3 I i l l l 1 1 

A R  

2.4 2.2 20 

Fig.191 Spectrum of Saturnts Rings (Solid Wne) i n  t h e  
Region 0.6-2.5 p .  

(Shain r e f l ec to r ,  prism ectrometer, recording condi
t i o n s  same as i n  . Broken l i n e  - solar spectrum. 

I n  1964, we used a Shain r e f l e c t o r  t o  i s o l a t e  t h e  spectrum of t h e  r ings 
from t h e  spectrum of t h e  d i sk  (F ig . l s l ) .  The dimensions of t h e  entrance slit 
were 1x 3 m and one of t h e  l l e a r s l l  of t h e  r ing  f i l l e d  this area almost com
p le t e ly .  The resolving power was approxbnately X,  and t h e  signal-to-noise r a t i o  
was  highly sa t i s f ac to ry  (- 100 near 1.3 p ) .  The l i g h t  difference between t h e  
two t r a c e s  shown i n  Fig.191 i s  due t o  inaccuracy of tracking. A s  readi ly  seen 
from a comparison of these new spectra  with Fig.76, they a l s o  excel lent ly  f i t  
t h e  llicell hypothesis. If t h e  p a r t i c l e s  of Saturnts  r ings ac tua l ly  are of i c e  
o r  are ice-coated, they should have a high albedo, forward-elongated indica
t r i c e s ,  and comparatively small dimensions (see above). I n  t h e  v i s ib l e  region, 
t h e  albedo of snow and f r o s t  is independent of wavelength so t h a t  t he  nonse
l e c t i v e  nature of t h e  r e f l e c t i o n  spectrum of Saturnts rings,  established by 
G.A.Shain (Ref .603), a l s o  i s  i n  agreement with t h e  theo r i e s  expounded above. 
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Section 5.10 -. .Uranus and N e D t u n e  

Uranus i s  19.2 a.u. d i s t a n t  from t h e  sun. Its period of revolution equals 
84.02 years. It i s  nearly three times smaller i n  s i z e  than  Jupiter. Its mean 
radius, according t o  Rabe (Ref.412) is R = 26,700 f 500 km. AUents handbook 
(Ref.88) gives a very different value f o r  R: 23,800 km. T h i s  d i f ference i s  
within t h e  limits of t h e  s c a t t e r  of individual  observations but g rea t ly  exceeds 
t h e  formal e r r o r  of Rabets estimate. The compression is  0.06 according t o  
micrometeric observations [cf .  (Ref .606)1, which i s  t h e  same as with respect t o  
t h e  motion of t h e  satellites. The mass of Uranus, according t o  Brouwer 
(Ref.77), i s  

while its mean densi ty  i s  1.1gm cm-3 i f  Rabefs estimate i s  t o  be given 
credence, or 3.6 gm cm? i f  we accept t h e  radius given by Allen. 

The v i sua l  stellar magnitude of Uranus during mean opposition i s  +5“.52, 
which verges on t h e  l i m i t  of v i s i b i l i t y  by t h e  naked eye. A l l  previously con
sidered planets  a r e  bright bodies known t o  humanity from times immemorial. 
Uranus, on t h e  other  hand, w a s  discovered only i n  1781 by Herschel, and then  
only after considerable s k i l l  in telescope observations had been acquired. 
Photometric observations of Uranus, performed with v i s u a l  and photographic 
methods u n t i l  1930, indicated var ia t ions i n  stellar magnitude with a period of 
approximately 10h49”.5 and a n  amplitude from Om .03 t o  Om .15. However, t h e  much 
more precise  photoelectr ic  observations which began i n  1927 revealed no varia
t i o n s  i n  brightness (Ref .66), a t  l e a s t  not u n t i l  1255. I n  1912, Slipher 
(Ref .609) spectroscopically $erived a period of 10 45”, while i n  1930 Moore and 
Menzel (Ref .610) obtained 10 54”. Markings on t h e  disk of Uranus ( i ts  angular 
diameter i s  3” .8) are v i r t u a l l y  indistinguishable.  

Uranus has f i v e  s a t e l l i t e s  ( c f .  Sect .5.13), whose o r b i t a l  planes a r e  very /460
similar and nearly perpendicular t o  t h e  e c l i p t i c  ( inc l ina t ion  82’) and whose 
ro t a t ion  i s  retrograde. A majority of t h e  s a t e l l i t e s  of Jup i t e r  and Saturn - a t  
l e a s t  those located closer  t o  t h e  planet body - revolve i n  o r b i t s  coinciding 
with t h e  plane of t h e  planetary equator and proceeding i n  t h e  same direct ion.  
On this basis, it may be assumed that t h e  a x i s  of r o t a t i o n  of Uranus i s  strongly
incl ined t o  the  plane of t h e  e c l i p t i c ,  and t h a t  t h e  d i r e c t i o n  of i t s  r o t a t i o n  i s  
retrograde. The h t t e r  assumption has been d i r e c t l y  confirmed by spectroscopic 
data .  I n  1947, t h e  o r b i t a l  planes of t h e  s a t e l l i t e s  of Uranus were perpendicular 
t o  t h e  radius vector of t h a t  planet .  If t h e  equator of Uranus coincides with 
t h e  o r b i t a l  planes of t h e  satell i tes,  then one of t h e  poles  w i l l  face t h e  ear th .  
T h i s  may be exact ly  t h e  reason f o r  t h e  absence of var ia t ions i n  brightness during 
1930-1955. The f luctuat ions i n  stellar magnitude are & m a l  i n  posi t ions of 
t h e  planet a t  which t h e  ax5.s of r o t a t i o n  l ies  i n  t h e  plane of t h e  paper. It may 
be expected t h a t ,  o d n g  t o  compression of t h e  planet,  t h e  mean stellar magnitude
w 5 l l  reach i t s  m i n i ”  i n  those posi t ions.  I n  f a c t ,  Beckerfs study (Ref .606)of 
old photometric da t a  indicated var ia t ions with a period close t o  t h e  r o t a t i o n  
period and with a phase i n  agreement with t h e  considerations presented above, 
but t h e  o s c i l l a t i o n  amplitude (0.26) i s  too  high t o  a t t r i b u t e  it t o  compression 
alone. If this amplitude value i s  real, it m u s t  be assumed t h a t  generally t h e  
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albedo of t h e  p o l a r  regions of Uranus i s  higher t han  t h e  albedo of i t s  equa
t o r i a l  regions. P.P.Parenago ( R e f  .604) analyzed a l l  recorded p o s i t i o n a l  angles 
of t h e  e l l i p s e  of t h e  disk (from 184.2 u n t i l  1926) and, proceeding from elements 
of s a t e l l i t e  o r b i t s  as a first approximation, derived t h e  d i f f e r e n t i a l  correc
t i o n s  of these angles. T h i s  resul ted i n  determining t h e  coordinates of t h e  
North Pole of Uranus as 

and t h e  i n c l i n a t i o n  of t he  planet 's  equator t o  t h e  e c l i p t i c  as 87' .5. 

TABU 93 

ALBEDO OF THE PWETS ACCORDING TO HARRIS (Ffl.66) 

-
Mercury , , . 
Venus . . . . . 
E a r t h  . . . . . 
Mars . . . '. . 
J u p i t e r  . .' . . . 
S a t u r n  . . . . . 
Uranus . . . . . 
N e p t u n e  . . . . . 
p l u t o  . . . . . 

j.. X 

~~~.~ I 
0.170 0.563 0.03- 1.296 0.7G 

L - 1.005 0.36 
0.310 1.04 0.16 
0 .3 i7  1.G5 0.73 - 1.65 ii.7(i 
0.119 1.65 0.93 
0.091 1.65 0 . a  
0.152 1.04 0.14 

T A B U  94 

ALBEDO OF URANUS AND NEPTUNEl ACCORDING TO SINTON (REF.611) 

I
I Uranus Neptune 

__ ~. 

A m. P A 
~ ~~ __ 

0.88 8.49 0.57 0.82 
0.07 8.26 0.61 0.88 
0.89 7 .8G 0.49 0.71 

+ A t  mean opposition. 

The albedo of Uranus, as determined by llarris (Ref.66), i s  given i n  
Table 93 and as determined by Sinton (Ref.611), i n  Table 94. The va r i a t ion  in 
albedo with wavelength i s  i n  qua l i t a t ive  agreement with da t a  by both of these 
authors, except t h a t  Sinton gave higher absolute values of t h e  geometric albedo. 
The values of phase i n t e g r a l  adopted by Sinton are lower than those used by 
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Harris ( Q  = 1.65), which means t h a t  Sinton gives a somewhat lower spherical  
albedo. Both s e r i e s  of observations show that Uranus has t h e  highest v i sua l  
albedo among t h e  planets  of t h e  s o l a r  system. The high albedo p e r s i s t s  i n  t h e  
blue and u l t r a v i o l e t  spectrum regions but decreases sharply i n  t h e  region X > 
> 0.6 p owing t o  strong CH, absorption bands ( c f .  Table 73 and F’ig.154). Kuiper
(Ref.4) estimated t h e  equivalent pa th  of CH, i n  t h e  atmosphere of Uranus as 
150 h a t m .  Herzberg (Ref .612) iden t i f i ed  t h e  absorption near h 8270 A, found 
by Kuiper i n  t h e  spectra  of Uranus and Neptune, as t h e  (3-0) H, band induced by 
pressure. Spinrad (Ref.613) iden t i f i ed  t h e  absorption a t  X 6420 A i n  t h e  spec
t r u m  of these p l ane t s  as t h e  band (4-0) H,. The avai lable  information i s  insuf
f i c i e n t  f o r  a quant i ta t ive analysis .  The above estimate f o r  CH, can hardly be 
interpreted as reduced thickness, even if it were correct t o  within one order of 
magnitude. Pressure-induced bands (3-0) and (4-0) may appear only when the  
density amounts t o  several  t e n s  of amagats so that strong Rayleigh sca t t e r ing  
must e x i s t  i n  t he  atmosphere of Uranus. Apparently, f o r  t h e  case of Uranus it 
would be more correct ,  from the viewpoint of quant i ta t ive analysis,  t o  use a /k62 
model with a ? r a t i o  constant over t h e  a l t i t u d e .  Since t h e  Rayleigh sca t t e r 

ing  coefficient i s  s u f f i c i e n t l y  low ( 0  = loe7 cm-I a t  p = 1 amagat), t h e  ob
served strong bands of methane probably correspond t o  small quant i t ies  of t he  
gas. 

So f a r ,  it has not been possible  t o  measure t h e  brightness temperature of 
Uranus i n  t h e  i n t e r v a l  hh 8-13 p, but attempts i n  this d i r ec t ion  are mentioned 
i n  t h e  l i t e r a t u r e .  Radio observations [Kellerman ( R e f  .411)] give a brightness 
temperature T B  = 100 i- 3 5 O K  a t  h 6 cm and TB = 128 f 40°K a t  h 11.3 cm, which i s  
much higher than t h e  equilibrium temperature TB = 60°K calculated on t h e  assump
t i o n  t h a t  A ,  = 0.50. Note t h a t  i f  t h e  reduced thickness of CH, i s  assumed as 
150 km a t m  t he  sa tu ra t ion  temperature Will be l l O ° K ,  which i s  close t o  t h e  
radio temperature. The layer  responsible f o r  t h e  radio emission i s  d e f i n i t e l y  
warmer than t h e  e f f ec t ive  l e v e l  of i n f r a red  radiat ion.  It i s  doubtful whether 
t h e  negligible amount of energy received by Uranus fron; t h e  sun (4.00 times 
smaller than f o r  t h e  ear th)  could produce any appreciable greenhouse e f f e c t .  It 
may be t h a t  t h e  temperature gradient i s  created by t h e  i n t e r n a l  heat flux in
herent t o  the  planet .  

Neptune moves along an o r b i t  with a semimajor axLs of 39.5 a.u. Its period 
of  revolution i s  24.8.4 years. According t o  Rabe (Ref .412), t h e  mean radius of 
Neptune i s  R = 24,800 1000 km, which i s  very close t o  t h e  radius of Uranus. 
According t o  Kuiper (Ref  .2), t h e  mass of Neptune i s  

whence 7 = 1.65. Allen gave R = 22,300. T h i s  corresponds t o  = 2.25. The 
mean densi ty  of Neptune i s  higher t han  t h a t  of t h e  other  planets,  although t h e  
uncertainty as t o  i t s  exact value i s  r a t h e r  great .  

The stellar magnitude of Neptune i s  +7’.84. at mean opposition. The dramatic 
s t o r y  of t h e  discovery of Neptune ( i n  l846), as a result of work by Le Verrier 
and Adams, i s  too  w e l l  known t o  describe it here. The r o t a t i o n  period of t h e  
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planet  i s  15h.8 f 1according t o  spectroscopic da t a  by Moore e t  al .  (Ref  .610). 
Ph.otoelectric observations are too  f e w  t o  assess t h e  var ia t ions  i n  brightness. 
Markings on t h e  disk which has an  apparent diameter of only 2" are v i r t u a l l y  
unobservable. The or ien ta t ion  of t h e  azis of r o t a t i o n  was derived f r o m t h e  
theory of motion of Triton, a satell i te of Neptune. The inc l ina t ion  of t h e  
equator-t o  t h e  plane of t h e  e c l i p t i c  i s  29'. 

The wavelength dependence of t h e  albedo is  given i n  Tables 93 and 94. The 
absolute values of t h e  albedo f o r  Neptune are somewhat lower than f o r  Uranus, 
but  t h e  difference may be due t o  e r ro r s  i n  determining t h e  diameter. Strong
CH, bands sharply reduce t h e  albedo i n  t h e  red spectrum region. According &j& 
t o  Kuiper, t h e  equivalent pa th  of CH, is  about 2.50 m a t m  (Ref.4). A s  men
tioned above, t h e  absorption a t  h 8270 and h 6427 1 apparently per ta ins  t o  H2 
(pressure-induced absorption). No observational information on temperatures i s  
avai lable .  

Section 5.11 Internal Structure  of t h e  Giant P-lanets 

Low mean densi ty  i s  a t y p i c a l  feature of t h e  giant  planets .  Obviously, t he  
composition of these p lane ts  grea t ly  d i f f e r s  from t h a t  of t he  planets  i n  t h e  
terrestrial  group, not only i n  t h e i r  Lpper surface layers  t h a t  are amenable t o  
d i r ec t  analysis  with spectroscopic methods but a l s o  deep i n  t h e i r  i n t e r io r s .  

Since t h e  g ian t  p lane ts  do not lose  t h e i r  l i g h t e r  gases, including hydrogen 
and helium, it i s  natural t o  expect t h a t  these  elements, t h e  most common i n  the  
Universe, are the  p r inc ipa l  const i tuents  of t h e  i n t e r i o r s  of these planets .  
Jeffreys attempted t o  construct models of t he  giant  p lane ts  on assuming t h e  
existence of heavy dense cores similar i n  composition t o  t h e  cores of t h e  ter
rest r ia l  p lane ts  and of grea t ly  extended atmospheres, but it was found t h a t  such 
models do not f i t  t h e  physical ly  substant ia ted equations of state of gases. 
Iater inves t iga tors  evolved models of Jup i t e r  and Saturn on assuming t h a t  t h e i r  
composition resembles the  average cosmic composition ( R e f  .613-622). However, 
i n  t he  case of Uranus and Neptune this required a c e r t a i n  excess of heavy ele
ments. 

The cen t r a l  pressure and densi ty  of t he  g ian t  p lane ts  can be estimated from 

eqs.(l+.13) and ( 4 . a ) .  The f ac to r s  of t h e i r  moment of i n e r t i a  (f = _I-) are
MR2 

very similar, ranging from 0.235 t o  0.24.1,and are markedly lower than t h e  
f ac to r s  of' t h e  moment of i n e r t i a  f o r  t he  terrestr ia l  p lane ts  (Earth 0.334, Mars 
0.359). The c r i t e r i o n  ( 4 . a )  of t h e  cen t r a l  densi ty  can be sqplemented with a 
similar c r i t e r i o n  of surface densi ty  

I -

Ps<-P. 

5 MR2 

T h i s  elementary c r i t e r i o n  derived by Jeffreys (Ref -6l4,) was strengthened by 
De-Marcus (Ref .621) by re l a t ing  t h e  upper limit of surface density t o  t h e  coef
f i c i e n t s  J and K of t h e  external po ten t i a l  - constants tht enter  the  equation 



of  t h e  power funct ion of t h e  e l l i p so id  of revolution. 

The coef f ic ien ts  J and K, derived from the  motion of t h e  satell i tes,  are /464.
given i n  Table 95. I n  constructing models of t h e  giant planets ,  seeing t h e i r  
considerable compression, t he  coef f ic ien ts  J and K, i n  addi t ion t o  t h e  radius 
(M being given), can be used as observational c r i t e r i a  of t h e  validity of these  
models, by analogy with t h e  moment of i n e r t i a  f o r  spher ica l  and quasi-spherical 
bodies. 

CEETAIN MECHANICAL CHARACTERISTICS OF THE GIANT PLANFTS 
- .. . 

~ -. 

Mass 
Com-I press ion1  I 

J u p i t e r  . . 1 . 8 ~ ~ 1 0 3 0  318 1047 67 900 0.062 0 . m  
Saturn , . 5.7x1~$0 ‘35.5 3 500 tio 300 0.096 
Uranus , . 8.7~1028 1’1.:< 23000 25000* 0.0G 0.59 
Neptune . . 1.05x102’J 17.5 19000 23500+ 0.02 

I J 

0.00233~0.00141 1.3 15 Z 2 . 1  <0.57** 
0.00386~0.00026 0.7 2 >2.2<0.19+*- .3<I. 3  +++Uranus 1.4 2 >,I 

Neptune I 0.00074 - 2 4 >,2.1<1.3 

++ Averaged from &be’s tnd Allents estimates. 
\I ,,
73‘- From De-Marcus’s c r i t e r i o n  ( R e f  .621). 

XLXUL 
” ’ \ ”  From Jef f rey ts  c r i t e r ion .  

The equations of state of hydrogen and helium have been experimentally in
vestigated only t o  pressures of - 20,000 a t m .  However, t he  pressure a t  t h e  
center  of Jupi te r  reaches lo7 a t m  (Table 95). Theoretically, t h e  equation of 
state of hydrogen can be extrapolated t o  extremely high pressures.  A survey of 
t h e  data  required f o r  this extrapolat ion has been given by De-Marcus ( R e f  .621) 
and W i l d t  [cf .  ( R e f  .2, Chapt .5) 1. A t  pressures exceeding P,, = 2 x le2dyne 

cm-’, ion iza t ion  accompanied by t r a n s i t i o n  t o  the  meta l l ic  state takes  place. 
If t h e  temperature a t  t h e  boundary of t h e  phase t r a n s i t i o n  i s  below 2000°K, 
then molecular hydrogen w i l l  e x k t  i n  t h e  so l id  state above t h a t  boundary and 
i f  t h e  temperature exceeds 2000°K, i n  t h e  gaseous state. The c r i t i c a l  tempera
ture of hydrogen, above which the  l i qu id  phase i s  absent regardless of pressure, 
i s  30°K. However, hydrogen i s  characterized by i t s  exceptionally strong
campressibil i ty,  and a t  pressures of le2dynes t h e  densi ty  of t h e  gas phase is  

f445 
close t o  0.5 gm ~ m - ~ .A t  150°K, so l id i f i ca t ion  sets i n  as soon as t h e  pressure 
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reaches 3 x lo9 dyne cm-' and t h e  density, 0.1 gm ~ m ' ~ .  Figure 192 gives
diagrams of t h e  equations of state fo r  H, as adapted by Peebles (Ref.622) i n  
constructing models of Jup i t e r  and Saturn: Here, l l a l l  represents  t h e  equation 
of s t a t e  of s o l i d  hydrogen a t  O'K; I t b "  i s  t h e  isothermal curve f o r  T = l5O'K; 

tlcll and l ~ d l ~are two adiabat ic  curves with 
different  in i t ia l  pressures (1and 5 a t m  at 

p,9m.cm-3 I I l ~ 1 ~ I ' l ~ I ~ 	 150'K); curves l l e l l  and 1 l f r l  are analogous t o  
l l a l l  and IId11 but t h e i r  values of p are lower. 
A t  high pressures, t h e  densi ty  of t h e  so l id  
phase i s  v i r t u a l l y  independent of tempera
ture, so t h a t  a l l  calculat ions per ta ining 
t o  t h e  planetary i n t e r i o r s  can be carr ied 
out i n  first approximation, without taking 
t h e  temperature dependence i n t o  account (as 
i n  t h e  case of planets  of t h e  t e r r e s t r i a l  
group) 

De-Marcus (Ref .621) and Abrikosov 
onnn1 ' 1 I ' ' 1 I ' L L I  I 1 ( R e f  .6%) calculated t h e  mass-radius de-

ID6 7U7 IDR 76" 7UrQInfrf!dyne.cm-' pendence f o r  a nonrotating sphere consisting 
of pure hydrogen a t  O'K. De-Marcus' curve 

Fig .192 Approximate Equations i s  shown i n  Fig.193. It w a s  derived from 
of S ta t e  of Yydrogen f o r  Calcu- t h e  equation of s t a t e  llal! i n  Fig.192. The 
l a t i n g  Models of Jup i t e r  and region t o  t h e  l e f t  of t h e  curve i s  forbidden 

Saturn (Ref .622). 	 - it corresponds t o  lower dens i t i e s  than can 
be given by hydrogen. Jup i t e r  i s  satis
f a c t o r i l y  represented by this model, but 

t h e  correspondence with Saturn i s  l e s s  good and even worse f o r  Uranus and 

Neptune. De-Marcus a l so  considered a ro t a t ing  model of a mixture of s o l i d  

hydrogen and helium, on select ing a r a d i a l  d i s t r i b u t i o n  of He such t h a t  t h e  o b  

served quant i t ies  R, J, K were optimally represented. He showed t h a t  t h e  frac 

t i o n  of hydrogen by mass exceeds 0.78 for Jup i t e r  and 0.63 f o r  Saturn. Peebles 

(Ref.622) used t h e  same method t o  calculate  a s e r i e s  of  models of Jup i t e r  and 

Saturn, applying a l l  of t h e  equations of s t a t e  given i n  Fig.192 and s t ipu la t ing  

t h e  existence of a c e r t a i n  percentage of heavy elements. It was  found tha t ,  f o r  

Saturn, acceptable values of J and K can be obtained only f o r  adiabat ic  equa

t i o n s  of state. For Jupi ter ,  such a d e f i n i t e  choice cannot be made s ince a l l  /&

six equations y i e ld  agreement with t h e  observations, within t h e  e r r o r  l imi t .  

However, t h e  s i m i l a r i t y  between both planets  suggests t h a t  Jupiter has a deep 

atmosphere with an appreciable temperature gradient.  Heavy elements probably 

form a small inner core with a mass of t h e  order of 10 M, i n  t h e  i n t e r i o r s  of 

both Jup i t e r  and Saturn. De-Marcus mentioned t h a t ,  i f  energy release by radio

ac t ive  decay were t o  proceed a t  t h e  same r a t e  i n  t h i s  core as i n  the  earth 's  

core, then t h e  heat f l u x  would su f f i ce  t o  create  a drop of lo4 O K  i n  t h e  

molecular s h e l l  of t h e  planet .  However, this estimate i s  based on t h e  assumption 

t h a t  heat conduction i s  the so l e  agent responsible f o r  heat t r ans fe r .  If an 

allowance i s  made f o r  r ad ia t ion  i n  pressure-induced bands, this estimate w o v l d  

probably be very much lower. On t h e  other hand, energy release due t o  gravita 

t i o n a l  compression may g rea t ly  enhance t h e  heat f l ux .  

Models of t h e  i n t e r n a l  s t ruc tu re  of Jup i t e r  and Saturn a r e  given i n  
Table 96, according t o  Peebles. Transit ion t o  t h e  metal l ic  s t a t e  takes place 



Fig ,193 Mass-Radius Diagram 
f o r  a Cold Nonrotating Sphere

of Pure Hydrogen. 
M - mass i n  gm, and R - radius 
i n  un i t s  of ear th 's  radius 

(Ref .623). 

this includes t h e  generation of 

a t  a depth of 0.2 from t h e  surface of 
Jup i t e r  and of 0.45 R, from t h e  surface of. 
Saturn, which represent t h e  lower limits of 
t h e  possible depths of t h e i r  atmospheres. 
The upper l i m i t  corresponds t o  the  l e v e l  
having a pressure of 3 x lo9 dyne 
which i s  at ta ined a t  a depth of 0.01 R, f o r  
Jupi ter  and of 0.025 Ro f o r  Saturn; it i s  
real ized f o r  an isothermal atmosphere of a 
temperature of 150°K. 

In  comparing t h e  above f igu res  with 
Table 9 5 ,  we see t h a t  t h e  mass of Jup i t e r ' s  
gaseous envelope may a t t a i n  20% of t h e  e n t i r e  
mass of t he  planet  ( f o r  Saturn, 50%). It i s  
a f a c t  t h a t  t h e  densi ty  of this envelope i s  
high, which would mean t h a t  a semi-liquid 
ocean r a the r  t han  a gaseous atmosphere should 
be considered. 

It must be noted t h a t  many known f a c t s  
which should be explained by the  theory of 
t h e  i n t e r n a l  s t ruc tu re  of Jup i t e r  and Saturn 
s t i l l  a r e  beyond t h e  bounds of t h a t  theory; 

a magnetic f i e l d  which no doubt i s  associated 
with the metal l ic  core of t h e  planet ;  t h e  i n t e r p r e t a t i o n  of ro t a t ion  periods and 
p a r t i c u l a r l y  of var ia t ions i n  the  system III; t h e  relat ionship t o  phenomena 
occurring on t h e  v i s i b l e  surface; e t c .  

Models of Uranus and Neptune were considered by various authors 
(Ref .6&-616 and 623, 624.). The M(R) diagram i n  Fig.193 reveals t h a t  a planet 

/467 
of pure hydrogen of t h e  radius of Uranus or Neptune must have a mass approxi
mately 10 times smaller. Given some sqplementary assumptions, a mixture of 
heavy and l i g h t  elements must be selected such as t o  f i t  t he  model t o  t h e  ob
servations.  Thus, Reynolds and Summers (Ref .624.) separated t h e  substances that 
may be present i n  the  i n t e r i o r s  of Uranus and. Neptune i n t o  three groups: llvola
t i l e "  elements, H, He, Ne; ?ices11 - HzO, CH4, NH,, H,S; and heavy compounds and 
elements - SiOz, MgO,  Fe - N i .  They assumed t h a t  t he  consti tuents of t he  i c e s  
and t h e  heavy elements a r e  present a t  r a t i o s  corresponding t o  t h e i r  abundance i n  
the cosmos and t h a t  t he  r e l a t i v e  content of H, He, and Ne a l so  corresponds t o  
t h e i r  cosmic abundance but t h a t  t h e  r a t i o  of t he  two groups remains a f r e e  
parameter. Three models were considered: 1)t h e  homogeneous model, i n  which H, 
He, N e  a r e  added t o  a mixture of heavy elements i n  a proportion s u f f i c i e n t  t o  
obtain t h e  required mass for a given radius;  2) t h e  two-layer model, i n  which 
t h e  core consis ts  of a mixture of heavy elements and t h e  envelope of H, He, Ne; 
3) t h e  three-layer model having a core of heavy comp0unds and elements, an /468
intermediate envelope of i ce s ,  and an outer envelope of H, He, Ne. The so le  
c r i t e r i o n  f o r  choosing among these models i s  the  extent of t h e  coe f f i c i en t  J f o r  
Neptune ( J  and K f o r  Uranus and K f o r  Neptune are unknown). The best  agreement 
with the  observed value of J i s  given by the  second model. Thus, here again we 
have reason t o  expect t h a t  t h e  extent of t h e  atmosphere may be quite considerable. 
Of course, equations of state f o r  such models are of a highly t e n t a t i v e  nature, 
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and t h e  r e l i a b i l i t y  of t h e  findings i s  very doubtful. 

TABU 96 

INTERNAL STRUCTURE OF JUF'TI" AND SATURN 

J u p i t e r  Saturn 
-

P r e s s u r e  n e n s i  tyRadius 10"dyne .cm-' gm e m - 3 Mass 
- ~-

1 * 000 3 ~ 1 0 ~ 6  5.5a.10- 1.0 3 .Ox10-6 5 . 5 ~IO-' I.o 
0.995 3.71 10-4 0.0164 0.90095 3 . 4 ~ 1 0 - ~  3.0klO-a 0.90098 

99 2.8~10-8 0.055 0.0006 2.2~10-4 0.0114 0.0008 
98 0.020 0. I47 0.007 1 . 4 ~ 1 X 1 0 ~ ' 8  0.039 0.0089 
96 0.095 0.28 0.088 7.9x 10- 0.002 0.99.5 
94 0.23 0.40 0.973 0.028 0.169 0.983 
92 0.38 0.47 0.957 0.055 0.22 0.070 
90 0.57 0.55 0.041 0.088 0.27 0 .  053 
85 1.29 0.76 0.878 0.21 0.38 0. no0 
80 2.2 0.06 0.815 0.37 0.47 0.841 
75 3.5 1.39 0.74 0.58 0.56 0.78 
70 5.7 1.63 0.6'1 0.86 0.65 0.70 
65 7 .2  1.84 0.55 1.16 0.73 0.63 
GO 9.5 2.1 0.46 1.53 0.81 0.58 
55 11.5 2.3 0.38 2.0 0.02 0.51 
50 15.0 2.5 0.30 2.5 1.24 0.46 
40 20.5 2.9 0.19 4.2 1.49 0.33 
30 26 3.3 0.11 6.9 1.81 0.26 
20 34 3.7 0.05 11.5 2.2 0.20 

Section 5.12 Pluto-
Pluto, the most d i s t a n t  of t h e  known planets  of t h e  s o l a r  system, w a s  dis

covered f a i r l y  recent ly  (by Tombaugh i n  1930). The s t o r y  of this discovery i s  
given i n  d e t a i l  i n  the book "Planets and Satellites11 (Ref .2, Chapt .2). Lowell, 
who had predicted t h e  approximate pos i t i on  of Planet I X  from discrepancies i n  
t h e  theory of motion of Uranus and Neptune, assumed t h a t  it would resemble both 
Uranus and Neptune i n  i ts  cha rac t e r i s t i c s ,  but it turned out t h a t  t h e  new member 
of t h e  s o l a r  system can i n  no way be c l a s s i f i ed  i n  t h e  group of t h e  giant  
planets .  The radius of Pluto was measured by Kuiper (Ref.625) with a 5-m re
f l ec to r ,  using t h e  a r t i f i c i a l  planet method: he derived R = 2900 km. Hardy 
[cf.  ( R e f  .626) 1 pointed out, on the  basis of t he  photoelectr ic  curve of bright
ness, t h a t  this estimate may be too low because of l i m b  darkening. I n  1965 (on 
Apri l  28-29) occultation of t h e  s tar  W.3  by Pluto was  expected. The s t e l l a r  
magnitude of Pluto a t  t h e  time of t he  ant ic ipated occul ta t ion was  am.l.The 
t o t a l  f l u x  from both bodies would have decreased by 25% i n  t h e  event of such an 
occultation. Careful photoelectric observations a t  K i t t s  Peak Observatory re
vealed no decrease i n  t h e  flux, although t h e  angular dis tance between t h e  planet 
center and t h e  star was  only 0" .125 ( R e f  .627). The geocentric distance of Pluto 
during these observations was 32 a.u., so  t h a t  t h e  upper limit of t h e  radius 
would be 



32k1.48a1o~x0.125- 'pJOOkm, 

. .  

20 6265- 

which i s  i n  complete agreement with Kuiper's f inding. According t o  Brouwer 
and Clemence (Ref .2) t h e  mass of Pluto i s  

M 
4&0= 0.8M ,  

with a formal accuracy t o  within *lo%, whence 2 @ gm ~ m ' ~ !  Apparently t h e  
m a s s  of Pluto was  incorrect ly  determined. Brouwer and Clemence confirmed /469
t h a t  t he  indeterminacy i n  estimating t h e  mass of Pluto g rea t ly  exceeds t h e  

formal e r ro r  l i m i t .  I n  any 

. I i I  

0 02 04 06 08 ff 02  

Fig.194 Brightness Curve of Pluto. 

On t h e  abscissa, segments of t h e  r o t a t i o n  

period. a - Observations 1953-1955; 


b - 1964 (Ref .66). 

case, t h e  mass and radius of 
Pluto are such t h a t  this 
planet  cannot be c l a s s i f i ed  
with t h e  group of t h e  giant 
planets,  so t h a t  t h e  inclusion 
of a Section on Pluto i n  this 
p a r t i c u l a r  Chapter of our book 
i s  not e n t i r e l y  ju s t i f i ed .  

The s t e l l a r  magnitude of 
Pluto regular ly  var ies  
( p f . 6 6 ,  626) with a period of 
6 16"5y f 26". The amplitude 
of va r i a t ion  i s  Om.ll. The 
brightness curve i s  asymmetric 
(Fig.194), which po in t s  t o  a 
sharply nonuniform d i s t r i b u t i o n  
of r e f l e c t i v i t y  over t h e  surface 
of t h e  planet .  

Pluto moves along an o r b i t  of high eccen t r i c i ty  (about 0.25) which i s  
higher than t h a t  of t h e  other p l ane t s  [ the planet with t h e  next highest eccen
t r i c i t y  (0.20) i s  Mercury]. Its mean distance from t h e  sun i s  39.5 a.u. The 
v i sua l  geometric albedo - if we assume a planetary radius of 2900 lan - reaches 
pv = 0.13, which i s  somewhat less than f o r  Mars (Ref .66). The albedo increases 
with wavelength - from 0.10 a t  X = 3600 A t o  0.15 a t  X = 8200 A. Apparently, 
P l u t o f s  atmosphere ( i f  it e x i s t s )  i s  op t i ca l ly  t h i n .  The equilibrium tempera
ture of Pluto a t  t h e  mean dis tance teq= 47'K, i f  we assume e = 0.9. 

Section 5.13 S a t e l l i t e s  of t he  Giant Planets 

Among t h e  terrestr ia l  planets,  only Earth and Mars have s a t e l l i t e s  (a l to
gether three: Moon of Earth and Phobos and Deimos of Mars). The giant  planets  
are known t o  have a t o t a l  of 29 s a t e l l i t e s ,  with Jupiter having t h e  l a rges t  
number (12) and Neptune t h e  smallest (2). T h i s  large number of satellites i s  
one of t h e  distinguishing features of t h e  giant  planets .  The p r i n c i p a l  astro
nomical cha rac t e r i s t i c s  of a l l  t h e  satell i tes are given i n  Table 97. Six of t h e  
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f15.5 

x u r - x  

w
8 T A B U  97 

Mean Ihtance 1 
from Center o f  1 . P l a n e t  , S i d e r e a l  V i sua l  S t e l l a r  

Mean n e n s i t y  Magnitude a tp l a n e t  S a t e l l i t e  
toItw gmecm-3 Mean 

Oppos i t ion  

Earth hloon 384.4 I 60.27. 27d.  32t G61 2gd 1Zh 41rm 02". 5O.1 * 1738 81,3: 73.4 1 3.3'1 1 -12na.7 
Mars 1 Phobos,  9.4 I 2.77 0.318910 07 39 26. 1.8 * *  14 + I1  *5

2 Deimos 43.5 I 12.87 1.262441 ' 1 06 21 15. 1.4 ** 8 +12.5 
J u p i t e r  i I10 i 421.8 5.91 1.769138 ' 1 18 28 35. 0** 1660 24000 79 3.9 s 5 . 5

2 Europa 671.4 9.40 3.551181 3 13 17 53, 74' 0 ** 1440 39800 47.8 4.0 5.7 , 3 Ganymede 1071 14.99 7.154553 7 03 59 35. 86 0 ** 2470 12400 153 2.5 5.1 
, 4 C a l l i s t o  1884 26.36 16.689018 16 18 05 06, 92' 0 ** 2340 21000 90 1.7 6.3
I S 181 2.53 0.498179 11 57 27. 6 0** ' 0.003 80 13.0 

2.50.62 260.0 28.5 *** ! 0,155 60 13.1 
259.8 276.10 28.0*** , 0.207 20 16.2 

8 738.9 631.05 **** 33**' j 0.38 20 1G.2 
9 _.23700 332 755 626 I*** 24***  

1 
0.25 11 17.7 

16 11750 164 260 276 28 .3***  0.140 10 17.9 
11~. 22500 315 696 599 **** 16.6*** i 0.207 12 17.5
12 21000 294 625 546 **** 0.13 10 18.1

Saturn  1 Mimas 185.7 3.08 0.942422 22 37 12. 4 1 . 5 * *  0.0196 260 15OnOG03 0.038 0.5 f12.1
2 Enceladus 238.2 3.96 1.370218 1 08 53 21. 9 0.0 * *  0.0045 300 8000000 0.07 0.6 11.7 
3 Tethys  , 294,.8 4.88 1.887802 \ 1 21 18 54. 8 1.1 ** 0.0000 ' 600 87onoo 0.65 0.7 10:6 

: 	 4 n i o n e  377.7 ' 6.26 2.736916 1 2 17 42 09. 7 0.0 ** 0.0021 650 555000 1.03 0.83 10.7 
5 Rhea 527.5 8,74 4.517503 4 22 27 56. 2 0 . 3 * *  0.0009 900 2soo00 2.3 0.75 10.0 
6 T i  tan 1223 20.20 15.945452 1 15 23 15 25 0.3 ** 0.0289 2500 4150 137 2.7 8.3 
7 f lyperion 1484 24.6 21.276665 ' 21 07 '~ 39m 06. 0.6** 0.110 200 5000000 0.11 3.3 14 
8 I apetus  3563 ' 59 , l  79.33082 79 22 04 56 14.7 ** 0.029 600 100000 ' 5 1 5.5 119 Phoebe 12950 I 214.5 550.45 536 16**** 30 ** 0.1G6 150 

\ 14.5Uranus Ih i e l  191.8 I 5.25 2.52038 i 2 12 29 40 0 * *  0.007 ~ 300
2Umbriel 267.3 ! 7.18 4.14418 1 4 03 28 25 0 ** 0.008 1 200 16.0
3 T i t a n i a  438.7 1 16.4 8 I 70588 I 8 17 GO 0** 0.023 500 14.04 Oberon 586.6 22 .o 13.46326 0 ** 0.010 1 400 1 14.2
5 Miranda 4.87 1A14 1 I I"

'1 I 
Neptune 1 T r i t o n  14.3 5.87683 ' 5 21 03 27**** , 20 ** 0.000 I 2000 700 150 4,6 +23.6 

2 N e r e i d  6000 ? 240 ? ; 500 
4 1 0.7 , 150 3000000 0.05, 3.6 419 .5  

-X Toward plane of t h e  ec l ip t i c .  
I\ I\AL'L Toward plane of t h e  equator of t h e  planet.  

"'"1 Toward o r b i t a l  p'lane of t h e  planet.
i \ ' \ 'm\\,\,A,-,, Retrograde ro t a t ion  with respect t o  equator ia l  plane of t h e  planet ( the  satel l i tes  
of Uranus move i n  retrograde d i rec t ion  a l so  with respect t o  t he  plane of t he  ec l ip t i c ) .  
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s a t e l l i t e s  ( Io ,  Europa, Ganymede, Cal l is to ,  Titan, and Triton) roughly resemble 
t h e  moon i n  mass and dimensions, w h i l e  t h e  others are smaller. 

The physical cha rac t e r i s t i c s  of t h e  s a t e l l i t e s  of t h e  giant planets  are very 
l i t t l e  known. The disks  of t h e  Galilean s a t e l l i t e s  of Jup i t e r  can be discerned 
i n  telescope observations even at normal v i s i b i l i t y ,  but t h e i r  markings are 

almost indistinguishable.  
Lyot [c f .  ( R e f  .2) 1 c o q a r e dv charts  of t he  dark and bright 
spots which 'he had succeeded 

-490 i n  observing on t h e  disks  of 
t h e  Galilean s a t e l l i t e s  and 

- concluded t h a t  t h e i r  r o t a t i o n  
f f-B ,*-----

-)------- i s  synchronous, i .e . ,  t h a t  
- t h e  ro t a t ion  period equals 

14U - '\ e t h e  period of revolution, as 
i n  the  case of t h e  moon. The 
Galilean s a t e l l i t e s  are 
bodies of 5 - 6" and can be 
r a the r  e a s i l y  studied with 

Fig.195 Brightness Curves of I o  as a Function photometric and spectroscopic 
of Phase of Rotation. techniques. Photometric and 

a - In  v i sua l  rays V;  b - E-V color index; colorimetric data  on t h e  
c - U-B color index (Ref .66). s a t e l l i t e s  were presented by 

Harris (Ref.66); these are 
ch ie f ly  based on photoelectr ic

observations by Stebbins (Ref .628) and Stebbins and Jacobson (Ref .629). Io i s  
distinguished by i t s  anomalous red color.  Like t h e  moon, these sa te l l i t es  in
crease rapidly i n  brightness with decreasing phase; t h e i r  phase coe f f i c i en t s  are 
even somewhat higher than f o r  t h e  moon. 

F'ig.196 Spectrum of Ganymede i n  t h e  Fig.197 Spectrum of Io, Mean of 

Region hX 0.7-2.5 p (Discrete Trace). Four Traces Taken on Oct .15, 1964, 

Oct . l5 ,  1964, Shain r e f l ec to r ,  prism Shain R e f  l ec to r .  

interferometer, Ah = 0.09 p near 

h 1.6 p, recording speed 70 A/sec, 


T = 4.4 sec, z = 28'. 

387 



The s t e l l a r  magnitudes of t h e  satel l i tes  vary r egu la r ly  with a period equal 
t o  t h e  period of revolution. T h i s  confirms t h e  synchronous p a t t e r n  of t h e i r  
ro t a t ion .  Not only t h e  stellar magnitude but a l s o  t h e  color  index varies with 
t h e  same period; such var ia t ions are p a r t i c u l a r l y  marked f o r  10 (U-B varies by

O".5; 
I 

Fig.198 Spectrum of Europa, 
Mean of Four Traces Taken on 
Oct .l, 1964, S h a h  Reflector. 
The zero point (broken l i n e )  
depends on t h e  wavelength 
owing t o  addi t ional  weak 

p a r a s i t i c  i l lumination. 

h 1.6 p,). Traces of t h e  spectra,  
Figs.196 - 200. 

cf .  Fig.195). 

Murray and Wildey (Ref .296) measured 
the brightness temperature of Ganymede and 
Ca l l i s to  i n  t h e  region Ah 8-13 IJ. and deter
mined i t s  upper limit f o r  I o  and Europa. 
Their f indings are presented i n  Table 98. I n  
autumn 1963 and 1964, using a prism spectro
meter we obtained t h e  spectra  of t h e  Galilean 
s a t e l l i t e s  of J u p i t e r  i n  t h e  region
XI 0.7-2.5 p (Ref .630). The Observations 
were carr ied out with 125- and 260-cm re
f l e c t o r s  ( E l l i s  and Shain mirror telescopes).  
A so l id  03,-cooled lead-sulfide photovaristor 
measuring'0.5 x 0.5 mm i n  area w a s  employed. 
The width of t h e  entrance s l i t  was 0.5 mm and 
that of t h e  e d t  slit,  2 m. and i n  some cases 
1mm. The dispersion was  0.09 p,/m (at  

both d i s c r e t e  and averaged, a r e  presented i n  

Ah 0.8-2.5 p t h e  spectra  obtained by us a r e  
applied. The s p e c t r a l  t r a c e s  of t h e  satel
l i t e s  were correlated with those of  t he  sun. 
The r e su l t i ng  r a t i o s  were then  cal ibrated t o  
osculate t h e  curve of p ( h )  near 1p ,  which 
i s  known f o r  t he  region of sho r t e r  wave-

For comparison, Eg.202 presents t h e  wavelength dependence of t h e  geometric 
albedo of t h e  moon. I n  t h e  region Ah 0.35-0.8 w, t h e  r e f l e c t i v i t y  of a l l  
Galilean satel l i tes ,  l i k e  t h a t  of t h e  moon, increases with t h e  wavelength. I n  
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t h e  region A h  1-2.5 p on the  other hand, t he  
r e f l e c t i v i t y  e i t h e r  remains nearly constant 
( I o  and Cal l i s to)  o r  markedly decreases with 
the  wavelength (Europa and Ganymede). The 
lunar albedo i n  this region, a s  shown above, 
continues t o  increase with the  wavelength. 

10 t6 20 4P The qual i ta t ive  dependence of t h e  
Fig.2.00 Spectrum of Cal l is to ,  albedo on the  wavelength f o r  Cal l i s to  and 
Mean of Three Traces Taken on pa r t i cu la r ly  f o r  I o  resembles t h e  curve of 
Oct .l5, 1964, Shain R e f  l ec tor .  t h e  monochromatic albedo of Mars, w h i l e  t he  

spectrum of Europa and Ganymede i s  similar 
t o  t he  spectrum of the  polar  cap of Mars 

and of t h e  r ings  of Saturn. T h i s  suggests t h a t  t h e  e n t i r e  o r  at  l ea s t  a la rge  & 
p a r t  of t he  surface of Europa and Ganymede i s  coated with i c e .  Figure 203 shows 
t h e  temperature dependence of t h e  time required f o r  t he  evaporation of 
1gm cm'" of i c e  i n  vacuum. A t  a temperature of 125'K, it takes lo3 years f o r  
a layer  of i c e  of severa l  kilometer thickness t o  evaporate. To prevent t he  i c e  

a7 

Fig.201 Wavelength Dependence of t h e  Albedo of 
Jupi ter ' s  S a t e l l i t e s .  

a - Observations with an  Ellis r e f l ec to r  in 1963; b - In 1964; 
c - Observations with a Shain r e f l ec to r  i n  1964 (Ref .630); 

d - According t o  Harris ( R e f  .66). 

cover, even i f  it i s  i n i t i a l l y  very thick,  f rom disappearing during t h e  l i f e t i m e  
of t h e  so l a r  system, a temperature of not more than 130'K i s  necessary. It 
would be of i n t e r e s t  t o  ve r i fy  t h e  extent t o  which this temperature f i ts  t h e  
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t h e o r e t i c a l  and measured (Ref .296) temperatures of t h e  Galilean satell i tes.  
These are given i n  Table 98. I n  this table ,  A, i s  t h e  i n t e g r a l  albedo derived 
from t h e  curves i n  Fig.201, T, i s  t h e  e f f ec t ive  teqerature  obtained from t h e  
condition of thermal equilibrium, and T, i s  t h e  surface temperature derived on 
t h e  assumption t h a t  6 = 0.85. I n  calculat ing t h e  t h e o r e t i c a l  temperatures, heat 
conduction was assumed t o  be negligibly smaii. 

4 4 yrs I 1 
/k76 

426 


876 

I ~ L . - .  J 
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f i g .  202 Wavelength Dependence of t h e  Fig.203 T i m e  Required for t h e  Evapora-
Moon' s Albedo. t i o n  of 1 gm of Ice  pe r  cm2 as a 

Function of Temperature. 

TABLE 98 

TEMPERATIJRES OF THE GALI" SATEmTES OF JUPITER 

j 1 T h e o r e t i c a l  Temperature I I 
Ts, "K Measured 

Tempera- .&,-a1t u r e ,  

. . ~-.-
I I I I I I I 

I o  (1) 0.54 121 I 2 6  150 117 135 3.1 
Furopa ( 2 )  0.38 130 135 160 125 141 3.0 
Ganymede ( 3 )  0.27 135 140 166 130 155 1.7 
C a l l i s t o  (4) 0.17 138 144 171 133 170 1.5 

The measured temperatures of Ganymede and C a l l i s t o  g rea t ly  exceed T,. To 
reconcile these temperatures, t h e  diameters of t h e  s a t e l l i t e s  must be roughly
doubled, but this would imply extremely l o w  dens i t i e s .  Y e t  even t h e  t h e o r e t i c a l  
temperatures themselves seem too  high f o r  prolonged preservation of an i c e  cover 
i n  vacuum. This objection may be disregarded i f  t h e  presence of an atmosphere 
is assumed. Thus, i n  assuming t h e  existence of an i c e  cover on t h e  surface of 
Europa and Ganymede we must a l s o  assume t h e  existence of a n  atmosphere on these 
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s a t e l l i t e s .  Considering t h e i r  great  distance from the sun, this should not 
be surprising. Moreover, speaking i n  general, t h e  presence of an atmosphere 
could account f o r  t h e  difference between t h e  t h e o r e t i c a l  and measured tempera
tures. Another argument i n  favor of t h e  existence of an atmosphere on Io  and 
Europa i s  t h e  high absolute values of t h e i r  albedo. 

The va r i a t ion  i n  t h e  brightness of I o  following i ts  emergence from t h e  
shadow of Jup i t e r  could be interpreted as a result of t h e  va r i a t ion  i n  albedo 
owing t o  t h e  p rec ip i t a t ion  of hoarfrost  during t h e  ecl ipse and i t s  subsequent 
sublimation [Binder and Kruikshank (Ref.631)l. It is not impossible t h a t  t h e  de
pressions i n  the  spectra  of Europa and Ganymede are a t t r i bu tab le  t o  some atmo
spheric absorption, but no concrete i d e n t i f i c a t i o n  i s  possible.  I n  any case, 
CH, and NH, cannot be responsible f o r  these depressions. A.A.Kalinyak ( R e f  .632) 
discovered a number of unidentified l i n e s  i n  the  visible s ectrum region of Io, 
Europa, and Ganymede; these l i nes ,  i n  his opinion (Ref  .6327 do not belong t o  t h e  
F’raunhofer l i n e s  of t h e  solar spectrum. However, t he  spectra of Galilean satel
l i t es  had been repeatedly studied i n  e a r l i e r  times,without any l i n e s  other than 
those of solar o r i g i n  ever having been discovered (Ref .I!+.). 

A l l  above arguments speak i n  favor of t h e  existence of an atmosphere on t h e  
Galilean s a t e l l i t e s  of Jupi ter .  However, Murray and Westphal ( R e f  .633) observed 
a va r i a t ion  i n  the  flux of thermal r ad ia t ion  of Ganymede during its immersion 
i n t o  and emersion from the  shadow of Jupi ter .  They found that the  thermal 
i n e r t i a  of Ganymede i s  low, being roughly t h e  same as t h a t  of t he  moon, which 
corresponds t o  a f i n e l y  divided substance i n  vacuum. T h i s  f inding contradicts  
t h e  hypothesis of t he  existence of atmospheres on t h e  Galilean s a t e l l i t e s ,  o r  
a t  l e a s t  on Ganymede. 

The only s a t e l l i t e  which i s  commonly accepted as having an atmosphere i s  
Titan, i n  whose spectrum Kuiper (Ref 4) detected CH4 (equivalent path, 
200 km a t m ) .  It would be highly important i n  theory t o  invest igate  t h e  
question of t h e  l i f e t ime  of t h e  atmospheres of s a t e l l i t e s  of the giant planets .  
Kuiper (Ref.4) made such an attempt, proceeding from simili tude considerations, 
but now t h a t  ou r  knowledge of t h e  heating mechanism of the upper layers  of 
planetary atmospheres has become much more specif ic ,  this problem must be re
exam5ned . 
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